University of Massachusetts Amherst

ScholarWorks@UMass Amherst
Masters Theses

Dissertations and Theses

December 2020

Assessing Stress Tolerance of Organelle Small Heat Shock
Protein Mutants in Arabidopsis Thaliana
Parth Patel
University of Massachusetts Amherst

Follow this and additional works at: https://scholarworks.umass.edu/masters_theses_2
Part of the Biochemistry Commons, Molecular Biology Commons, and the Plant Biology Commons

Recommended Citation
Patel, Parth, "Assessing Stress Tolerance of Organelle Small Heat Shock Protein Mutants in Arabidopsis
Thaliana" (2020). Masters Theses. 982.
https://doi.org/10.7275/18929134 https://scholarworks.umass.edu/masters_theses_2/982

This Open Access Thesis is brought to you for free and open access by the Dissertations and Theses at
ScholarWorks@UMass Amherst. It has been accepted for inclusion in Masters Theses by an authorized
administrator of ScholarWorks@UMass Amherst. For more information, please contact
scholarworks@library.umass.edu.

ASSESSING STRESS TOLERANCE OF ORGANELLE SMALL HEAT SHOCK
PROTEIN MUTANTS IN ARABIDOPSIS THALIANA

A Thesis Presented
by
PARTH PATEL

Submitted to the Graduate School of the
University of Massachusetts Amherst in partial fulfillment
of the requirements for the degree of

MASTER OF SCIENCE

September 2020

Biochemistry and Molecular Biology Graduate Program

ASSESSING STRESS TOLERANCE OF ORGANELLE SMALL HEAT SHOCK
PROTEIN MUTANTS IN ARABIDOPSIS THALIANA

A Thesis Presented
by
PARTH PATEL

Approved as to style and content by:

_________________________________________________
Elizabeth Vierling, Chair

_________________________________________________
Tobias Baskin, Member

_________________________________________________
Daniel Hebert, Member

___________________________________________
Li-Jun Ma, Graduate Program Director
Biochemistry and Molecular Biology

DEDICATION
This thesis is dedicated to my parents, who have supported me in all of my
endeavors and taught me that education is key to opening the many doors in the
world.

ACKNOWLEDGMENTS
I would like to thank my mentor, Elizabeth Vierling, for providing me an
opportunity to experience what work in a biochemistry laboratory is like. Your
guidance, support, and advice over the past couple years have meant so much to me.
Conducting research has enabled me to understand and appreciate what it takes to
gather new data. I know that the invaluable skills and attitudes I learned in the
laboratory will definitely help me in the future.
I would like to thank my fellow lab members of the Vierling Lab, especially
Minsoo Kim. You taught me so much about practicing biochemistry and were always
happy to answer the thousands of questions I had. I grew so much, not only as a
researchers, but also as a person. It was a pleasure to work with everyone every time
I was in the lab.
I would also like to extend my gratitude to the members of my thesis committee,
Tobias Baskin and Daniel Hebert. Your guidance and suggestions about the directions
that my work could proceed were very helpful.
My parents, Piyushkumar and Priti Patel, who have continued providing me
with support every day throughout my graduate career at the University of
Massachusetts Amherst. They have sacrificed so much to make sure that I complete
my education and have everything I need to achieve my dreams.

iv

ABSTRACT
ASSESSING STRESS TOLERANCE OF ORGANELLE SMALL HEAT SHOCK
PROTEIN MUTANTS IN ARABIDOPSIS THALIANA
SEPTEMBER 2020
PARTH PATEL
B.S., UNIVERSITY OF MASSACHUSETTS AMHERST
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Dr. Elizabeth Vierling

Molecular chaperones are proteins found in virtually every organism and are
essential to cell survival. When plants are heat stressed, they upregulate and
downregulate multiple genes, many of which are associated with the heat shock
response. Small heat shock proteins (sHSPs) are one class of molecular chaperones
that are upregulated during heat shock. They are proposed to act as the first line of
defense by binding to heat sensitive proteins and preventing their irreversible
aggregation. However, many details of sHSP function remain to be discovered and
exactly what proteins they protect is unresolved. In addition to cytosolic sHSPs found
in other organisms, plants also produce sHSPs that are targeted to organelles. In this
study, I focus on the mitochondria and chloroplast localizing sHSPs: HSP23.5MTI/CP, HSP23.6-MTI/CP, HSP25.3-CP, and HSP26.5-MTII in Arabidopsis thaliana.
The heat tolerance of knockout mutants of these different organelle-localized sHSPs,
including single, double, triple, and quadruple knockouts was assessed through
various stress assays. A hypocotyl elongation assay indicated a mild heat sensitive
phenotype for many of the sHSP knockout mutants and plants lacking all four sHSPs
showed the greatest reduction in hypocotyl elongation following heat stress. In an
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assay with light grown seedlings, I observed plants that lacked the chloroplastlocalizing HSP25.3-CP were sensitive to acute heat stress. In stress assays involving
arsenic, plants that did not express mitochondrial sHSPs were the most sensitive to
excess arsenic. Interestingly, plants lacking the four sHSPs were more resistant to salt
and cadmium stress. The phenotypes of these sHSPs will bring us closer to defining
their mechanism of action during heat or heavy metal stress and the mutants will
provide a platform for further studies of sHSP structure and function.
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CHAPTER 1
INTRODUCTION

1.1 Molecular chaperones are critical to protein homeostasis
Molecular chaperones, many of which are heat shock proteins (HSPs), are
found in virtually every organism and are essential to cell survival. Molecular
chaperones play various important roles in cellular protein homeostasis by helping
proteins fold, retain their shape, and even by unfolding and reactivating proteins that
have aggregated and lost function (Hartl et al., 2011). Some chaperone proteins are
constitutively expressed at basal levels, some become more highly expressed in cells
during times of stress, especially heat stress, which causes protein unfolding, and
others are under developmental control and are elevated at specific developmental
stages (Santhanagopalan et al., 2015; Waters, 2013). Because the structure of a
protein is critical to its function, the role of chaperones in protein homeostasis is
fundamental to life.
Major molecular chaperones synthesized by eukaryotes comprise five different
families of HSPs: HSP60, HSP70, HSP90, and HSP100 and the small HSPs (sHSPs)
(Figure 1; Jeng et al., 2015). The larger molecular weight HSPs are ATP-dependent
chaperones and use ATP hydrolysis to drive client protein folding and other processes
to maintain protein homeostasis. In contrast, the sHSPs are ATP-independent and
function as molecular “holdases” that keep their substrates in a folding competent
state (Basha et al., 2010). In the model for the mechanism of sHSP function, sHSPs
cannot release substrates spontaneously. Rather, they present the bound, heatsensitive proteins to the other HSPs that can help reactivate substrates through ATPdependent mechanisms (Haslbeck & Vierling, 2015).
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Like the other HSPs, sHSPs are found in all kingdoms of life, but they are
uniquely diverse in land plants and are likely critical to plant survival (Santhanagopalan
et al., 2015). This thesis is focused toward defining the function of specific plant sHSPs
that localize to the energy generating organelles of plant cells, the chloroplasts and
mitochondria. Understanding the potential role of these sHSPs in organelle protein
homeostasis not only addresses basic biological questions, but also could lead to
methods to generate more stress resistant plants.
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Figure 1. Five major families of molecular chaperones.
(A-D) Ribbon representations of ATP-dependent molecular chaperones with bound
nucleotide shown as red spheres. (A) Crystal structure (PDB: 1AON) of HSP60/GroEL
with its characteristic domains colored on one monomer of the oligomer: apical domain
green, intermediate domain yellow and equatorial domain blue; co-chaperone GroES
cyan (B) Crystal structure (PDB: 4JNE) of HSP70 with its characteristic domains:
nucleotide binding domain green, substrate binding domain alpha blue and substrate
binding domain beta yellow. (C) Crystal structure (PDB:2CG9) of HSP90/HtpG with its
characteristic domains: N-domain green, M-domain yellow, and C-domain blue; cochaperone P23 cyan. (D) Crystal structure (PDB: 1QVR) of HSP104/ClpB with its
characteristic domains: N-domain green, M-domain magenta, AAA-1 yellow and AAA2 blue. I Crystal structure (PDB: 1GME) of HSP16.9/sHSP dodecamer with the sHSP
dimer highlighted. Adapted from Jeng et al. (2015).
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1.2 Plant sHSPs
In plants, sHSPs also accumulate in every cellular organelle – the nucleus,
endoplasmic reticulum, peroxisomes, mitochondria, and chloroplasts, as well as in the
cytoplasm (Basha et al., 2012). Plants are immobile and cannot escape environmental
stresses, and so, there may have been significant evolutionary pressure to retain and
select for sHSPs, eventually leading to the diversity seen in higher plants. Plants can
generate over 20,000 sHSP transcript copies per cell and synthesize a large number
of sHSPs that are between 15 to 25 kDa in size (Waters and Vierling, 2020). The first
plant sHSP sequences were obtained from soybeans in 1985 and were recognized to
be homologous to sHSPs that had been already characterized in Drosophila,
Cenorhabditis elegans and Xenopus (Nagao et al. 1985). This study focuses on
sHSPs found in Arabidopsis thaliana, which has 19 different sHSPs, while humans
only have 10 (Haslbeck et al., 2005, as cited by Sedaghatmehr et al., 2016). Many
more sHSPs from plants and other organisms have been characterized since the mid1990s.

1.3 Classes of plant sHSPs
The sHSPs present in plants can be classified into 11 sHSP subfamilies: six
subfamilies that localize in the cytosol [CI – CVI], one subfamily that is exclusively
targeted to the chloroplast [CP], one subfamily targeted exclusively to mitochondria
[MTII], two subfamilies that are reported to be dual-targeted to the chloroplast and
mitochondria [MT/CP, MTI/CP], one in the endoplasmic reticulum [ER], and one in the
peroxisome [PX] (Figure 2; Waters, 2013; Waters and Vierling, 2020). Outside of
plants, the only organism to have an organelle-localized sHSP is Drosophila
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melanogaster, where DmHSP22 is observed to localize in the mitochondria (Wadhwa
et al., 2010).
Extensive biochemical characterization is available for two classes of plant
sHSPs, Class I (CI) and Class II (CII), both of which are cytosolic sHSPs and are
induced by heat stress, together accumulating to over 1% of the total cell protein within
a few hours (Derocher et al., 1991). It is thought that the CI and the CII proteins
evolved through gene duplication over 400 million years ago (Waters and Vierling,
1999). Both classes of proteins form dodecameric oligomers, but the two classes do
not form heterooligomers; rather they will only heterooligomerize with sHSPs from the
same class (Basha et al., 2010). Researchers found that both of these classes of
cytosolic sHSPs are capable of chaperone activity, though the CII sHSPs were more
efficient than CI sHSPs in protecting model, heat-sensitive substrates and tended to
stay in the dodecameric form at higher temperatures. Other studies demonstrated
more mechanistic differences between different classes of sHSPs. In one experiment,
it was observed that after heat stress in A. thaliana, there were significantly more
proteins bound to CI sHSPs compared to CII sHSPs. Additionally, CI sHSPs were
more tightly associated with translation factors and related proteins during heat stress.
In that same experiment, a large reduction of either the CI or CII sHSPs, achieved
through RNAi in transgenic plants, was enough to compromise the ability of seedlings
to recover from extended heat treatment after acclimation (McLoughlin et al., 2016).
These findings suggest that the different classes of sHSPs target their substrates and
function through distinct mechanisms.
In this study, the focus will be on the sHSPs in A. thaliana mitochondria and
chloroplasts, which are the major sites of energy generation in plant cells. It is
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therefore particularly important for molecular chaperones to maintain protein
homeostasis in these organelles.
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Figure 2. Amino acid sequence alignment of the 19 sHSPs from Arabidopsis
thaliana.
sHSP alignment was constructed using Jalview (Waterhouse et al., 2009). The Nterminal domain of sHSPs that localize in the mitochondria, chloroplast, or ER contain
targeting peptides highlighted in olive green. Secondary structure prediction was
based off Santhanagopalan et al. (2015), who used Jpred (Cole et al., 2008).
Predicted alpha helices are highlighted in red. Class I sHSPs contain a conserved
V/IFDPFS motif, highlighted in pink, that partially overlaps with alpha helix 1. The Nterminal domain of AtHSP25.3-CP also contains a methionine-bristle motif highlighted
in green. The analysis indicates that the N-terminal domain is highly variable between
the sHSPs. Predicted beta strands are conserved and highlighted in blue. The Cterminal I-X-I motif that partially overlaps with beta-strand 10 is highlighted in gray. A
nuclear localization signal is highlighted in turquoise between beta-strand 5 and 6 of
AtHSP17.4-CIII. An ER-retention signal is highlighted in purple at the C-terminal
extension of AtHSP22.0-ER. A peroxisomal type 1 targeting signal is highlighted in
purple at the C-terminal extension of AtHSP15.7-PX. AGI numbers for the sHSPs are:
AtHSP23.5-MTI/CP (AT5G51440); AtHSP23.6-MTI/CP (AT4G25200); AtHSP25.3-CP
(AT4G27670); AtHSP26.5-MTII (AT1G52560); AtHSP22.0-ER (AT4G10250);
AtHSP15.7-PX (AT5G37670); AtHSP17.4A-CI (AT3G46230); AtHSP17.6A-CI
(AT1G59860); AtHSP17.6B-CI (AT2G29500); AtHSP17.6C-CI (AT1G53540);
AtHSP17.8-CI (AT1G07400); AtHSP18.1-CI (AT5G59720); AtHSP17.6-CII
(AT5G12020); AtHSP17.7-CII (AT5G12030); AtHSP17.4-CIII (AT1G54050);
AtHSP15.4-CIV (AT4G21870); AtHSP21.7-CV (AT5G54660); AtHSP18.5-CVI
(AT2G19310); AtHSP14.7 (AT5G47600). Adapted from Santhanagopalan et al.
(2015) with corrections of certain elements. Conservation, quality, consensus and
occupancy analysis was automatically included with the alignment in Jalview
(Waterhouse et al., 2009).
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1.4 Structure of plant sHSPs
Key information to understanding proteins comes from their structures.
Although sHSPs are relatively small and soluble, these chaperones are dynamic and
assemble into oligomers, ranging from 12 to >32 subunits, and solving their crystal
structures has been difficult. However, an important 2.7 Å structure of a wheat sHSP,
dodecameric class I TaHSP16.9, has been solved (Van Montfort et al., 2001). It is one
of the only complete eukaryotic sHSP X-ray structures at high resolution (Figure 3;
Santhanagopalan et al., 2018). sHSPs are characterized by their structural similarities,
consisting of a N-terminal domain (anywhere from 24-84 amino acids), an α-crystallin
(ACD) domain (90-100 amino acids), and a C-terminal extension (0-18 amino acids)
(see also Figure 2). Although the N-terminal domain is variable in length and
sequence, some motifs can be recognized. The disorder of many N-terminal domains
in various crystal structures, as well as dynamic features of the N-terminal arms as
observed by NMR, make obtaining complete structural information on the N-terminal
domain difficult and have led to the suggestion that they are intrinsically disordered
(Uversky and Dunker, 2010). This and other data has led some researchers to propose
that the N-terminal arms are a major substrate binding domain (Santhanagopalan et
al., 2015). sHSPs that function in specific organelles inside the cell also have targeting
sequences that provide localization information. The targeting sequence precedes the
N-terminal arm and is usually cleaved off by an enzyme at the site of localization
(Chacinska et al., 2009). These targeting sequences are variable in length and their
amino acid composition depends on the target organelle of the sHSP.
Although the amino acid sequence of the ACD and C-terminal extensions vary
between sHSPs, the secondary and tertiary structures of these two domains are well
conserved. The ACD comprises a seven-stranded beta sheet with an IgG-like fold that
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is considered a structural hallmark of sHSPs and that is involved in dimer formation
through swapping of β-strand 6 between monomers in plant and microbial sHSPs
(Santhanagopalan et al., 2015).
The C-terminal extension that follows the ACD contains a conserved I/V/L-xI/V/L motif (I-X-I motif) that was first recognized in 1998 and is found in a majority of
sHSPs (de Jong et al., 1998). The importance of the I-X-I motif lies in the observation
that it makes a significant contact that links sHSP dimers into higher order oligomers.
sHSPs form a range of quaternary structures, as oligomers that have 12 to more than
24 subunits have been observed (Delbecq and Klevit, 2013; Stengel et al., 2010). The
whole C-terminal extension has also been seen to adopt different angles in relation to
the ACD, which facilitates generating oligomers of different sizes and geometries (van
Montfort et al., 2001). A recent publication indicates that the three-dimensional
quaternary structure of plant cytosolic sHSPs is a tetrahedron formed by six sHSP
dimers (Figure 3; Santhanagopalan et al., 2018). Furthermore, the C-terminal
extension is generally polar, solvent-exposed, and shorter than 18 amino acids and
has been shown to be flexible, especially towards the very C-terminus. The flexibility
of the C-terminal extension is thought to play in important role in maintaining the
solubility of the oligomer and that of the chaperone-substrate complex, as the partially
unfolded target protein is expected to be relatively hydrophobic. The flexibility and
polarity of the C-terminal extension is suggested to counteract this hydrophobicity
(Treweek et al., 2010). Understanding the structure of the different sHSP proteins and
their quaternary interactions might provide valuable insight to the potential
mechanisms of these molecular chaperones.
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Figure 3. Common features and structure of plant sHSPs.
(A) Representation of the cytosolic class I sHSP TaHSP16.9 monomer. The
characteristic domains of most sHSPs include the N-terminal domain red, alphacrystallin domain green, C-terminal extension blue with the I-X-I motif cyan and
magenta. The numbers represent beta-strands of the alpha-crystallin domain. (B)
Representation of the TaHSP16.9 dimer. (C) Representation of the TaHSP16.9
dodecamer with three dimer pairs colored orange, blue, red and the rest rendered
gray. In solution structural analysis suggest that the geometry of the dodecamer is a
tetrahedron and not a stacked double disk structure as observed in the crystal
structure. Adapted from Santhanagopalan et al. (2018).
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1.5 Proposed mechanism of action of sHSPs
While many molecular chaperones are ATPases, sHSPs are ATP-independent
molecular chaperones that are thought to prevent irreversible aggregation of stress
sensitive proteins (Santhanagopalan, et al., 2015). Without sHSPs, in vitro
experiments

have

shown

that

temperature

sensitive

proteins

like

malate

dehydrogenase, citrate synthase, or firefly luciferase form insoluble aggregates that
cannot be rescued; yet in the presence of sHSPs, these proteins bind the sHSP and
form soluble high-molecular weight complexes that can be rescued and refolded (Lee
& Vierling, 2000). The nature of this interaction is not well understood, but there have
been speculations as to how sHSPs achieve this feat. The interaction between sHSPs
and the ATP-dependent chaperones is also not well understood.
For cytosolic class I sHSPs, it has been proposed that the sHSP oligomers act
as “reservoirs” of a dimeric sHSP unit, which is considered to be the substrate
encounter unit. The dimeric units become available to stressed cellular proteins upon
activation of the sHSP (Figure 4; Santhanagopalan et al., 2015). The oligomers
rapidly reassemble and are dominant even at low concentrations at room temperature,
and past studies showed it was only possible to observe the sHSP dimers when
biochemical analysis is performed at elevated temperatures (Santhanagopalan, et al.,
2015). Stressors, especially heat, are suggested to activate the sHSPs by shifting the
equilibrium to the dimeric form, which binds unfolded or misfolded proteins and
maintains the proteins in a soluble, refolding competent complex. The equilibrium
between oligomers of sHSPs and sHSP dimers has been shown by several
experiments (Santhanagopalan, et al., 2015). Dissociation into dimers is assumed to
increase surface area, making regions that are normally buried in the sHSP oligomers
available for binding substrates. The interaction between protein substrates and
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sHSPs are considered to occur through exposed hydrophobic surfaces (Basha et al.,
2012; Lee et al., 1997; Van Montfort et al., 2001). However, the details of how sHSPs
interact with substrate, the extent to which sHSPs exhibit substrate specificity and why
they have a higher affinity for denatured or misfolded proteins, as well as the other
functions that sHSPs may serve remain largely unknown (Haslbeck & Vierling, 2015).
The sizes of the sHSP-substrate complexes that form after heat stress have
been observed to be dependent on the concentration of sHSPs relative to substrate.
In vitro experiments showed that when sHSPs are abundant, sHSP-substrate
complexes are smaller, likely because there is less self-aggregation of substrate due
to higher availability of sHSP to form contacts with substrate. Conversely, when
sHSPs are limiting, sHSP-substrate complexes are larger because there is not enough
sHSP to block the self-interaction of denaturing proteins (Friedrich et al., 2004). sHSPsubstrate complexes are a few hundred to a few thousand kDa and do not release the
substrates, because sHSPs cannot bring about disaggregation on their own. Because
of this, addition of sHSP after aggregation did not decrease the size of the sHSPsubstrate complexes. Also hundreds of sHSP:substrate stoichiometries were
observed in complexes, which suggested that the sHSPs capture substrates without
a specific binding site, perhaps due do different degrees of substrate unfolding
(Stengel et al., 2010). Related work found that most sHSP-substrate complexes have
an even number of sHSP monomers, supporting the sHSP dimer as the major
substrate binding species (Stengel et al., 2012). However, other experiments have
shown that the dimeric interface is also labile and that the dimers dissociate under
stress conditions. For this reason, sHSP-substrate complexes carrying an odd number
of sHSP monomers have also been observed, although to a lesser extent than those
with even numbered species (Santhanagopalan, et al., 2015).
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During times of stress, protein aggregation is directly competing with sHSPsubstrate complex formation. As the sHSPs bind unfolding proteins, they rely on the
energy dependent molecular chaperones to facilitate refolding. There have been in
vitro studies demonstrating that both prokaryotic and eukaryotic Hsp70 systems are
able to facilitate refolding of a model substrate (firefly luciferase) in complex with a
plant, cytosolic class I sHSP (PsHSP18.1), hinting to an absence of specific
interactions between sHSPs and the Hsp70 machinery (Lee & Vierling, 2000). In
another in vitro study, SynHSP16.6 (from Synechocystis sp.) and PsHSP18.1 (from
Pisum sativum, pea) were used to observe the role of different ATP-dependent
chaperones in the refolding of three different substrates (Mogk et al. 2003). They
observed that when the sHSP-substrate complexes were relatively small (<600 kDa)
due to a higher ratio of sHSP to substrate, the DnaK machinery alone was capable of
recovering substrate. However, dissociation and refolding of the substrates was even
more efficient with DnaK and ClpB, a protein disaggregase, particularly when
complexes were larger, having been formed with less sHSP. It was also seen that the
GroEL/GroES machinery alone could not bring about refolding of sHSP-bound
substrates, although there was some enhancement of recovery of active substrate
when GroEL/GroES was present with other ATP-dependent chaperones. Overall, the
sHSPs appear to enhance the availability of substrates for the DnaK machinery and
hold them in a form that can readily be refolded, though the specifics of this interaction
is largely unknown.
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Figure 4. Proposed model of sHSP mechanism of action.
Under proteotoxic conditions like high heat or oxidative stress, sHSPs are rapidly and
highly upregulated. The sHSP oligomers are proposed to act as “reservoirs” of the
active sHSP dimer and the equilibrium will shift towards the dimeric form as stress
persists or increases (1). As proteins start to unfold due to stress conditions, there are
two competing equilibria: (2) aggregation of the unfolding proteins to form insoluble
complexes, and (3) sHSP capture of the unfolding protein to form soluble sHSPsubstrate complexes. The disaggregase HSP101 can act on both the protein
aggregates (4) and sHSP-substrate complexes (5), but it processes sHSP-substrate
complexes more efficiently (5). sHSP-substrate complex can also be processed by
HSP70 and its co-chaperones to facilitate release and refolding of substrates (6).
Adapted from Santhanagopalan et al. (2015), whose diagram used (PDB: 1GME) for
representation of the wheat sHSP.
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1.6 Chloroplast and mitochondrion localized sHSPs
As illustrated in Figure 2, A. thaliana plants express a high level and diversity
of sHSPs. The mRNAs of these sHSPs, including the organelle-targeted sHSPs, are
highly induced in response to elevated temperature, and less so during oxidative
stress, drought stress, light stress, and other types of stresses, as well as at certain
points in development (Sewelam et al., 2019). The four mitochondria and chloroplast
targeted sHSPs in A. thaliana are AtHSP23.5-MTI/CP (AT5G51440), AtHSP23.6MTI/CP (AT4G25200), AtHSP25.3-CP (AT4G27670) (the latter also (formerly) known
as HSP21, based on the protein’s processed molecular weight) and AtHSP26.5-MTII
(AT1G52560). HSP25.3-P localizes only to the chloroplast. HSP26.5 localizes only to
the mitochondrion. The other two sHSPs, HSP23.5 and HSP23.6, are known to
localize to mitochondria and are proposed to also localize to chloroplasts under heat
stress conditions (Van Aken et al., 2009). These four sHSPs are expected to be absent
when plants are grown at room temperature, but the proteins should become apparent
and can be detected by corresponding antibodies in heat stressed plant samples.
Chloroplast sHSPs have been implicated in plant stress tolerance. A
chloroplast sHSP, OsHSP26, was overexpressed in tall fescue plants and the
transgenic plants subjected to methyl viologen and heat treatment showed less
electrolyte leakage and reduced lipid peroxidation in comparison to the wild-type
plants, which are both signs of cellular damage from stressful conditions (Kim et al.,
2012a). In another overexpression study involving a sweet pepper chloroplastlocalizing CaHSP26, the gene transformed into tobacco plants protected the plants
from chilling stress (Li et al., 2012). Transgenic plants were observed to have improved
quantum yield in photosystem II during colder temperature treatment than the nontransgenic tobacco plants. Chloroplast sHSPs seem to be involved in many different

16

processes inside plant cells, not limited to heat stress tolerance. LeHSP21 has been
found to have at least two distinct roles in tomato plants (Neta-Sharir et al., 2005).
Constitutive expression of this chloroplast sHSP led to earlier carotenoid accumulation
in tomato fruits in addition to protecting photosystem II from oxidative stress induced
by a combination of heat and light stress.
For Arabidopsis plants, many experiments have been performed on the sHSP
that localizes in the chloroplast (and root and other plastids), and homologs are found
in all land plant species. It is characterized by a unique amphipathic, Met-rich motif
located in the N-terminal domain that is conserved in almost all chloroplast sHSPs,
but not found in other sHSPs (Chen and Vierling, 1991). An early study suggested that
the protein plays a role in protecting the thylakoid-membrane-embedded-complex
photosystem II against heat stress (Heckathorn et al., 1998), as well as other types of
stresses. More recent studies also support this interaction as researchers observed
that approximately two-thirds of the total HSP25.3-CP pool in A. thaliana associated
with the thylakoid membrane during heat stress, while about one-third of the HSP25.3CP pool was in the soluble stroma (Bernfur et al., 2017). Furthermore, an independent
study demonstrated that HSP25.3-CP stabilizes photosystem II during heat stress
since the chaperone directly bound to photosynthetic complex subunits (Chen et al.,
2017). Chen et al. (2017) also studied the heat sensitive mutant gun5, in which heatresponsive activation of HSP25.3-CP was severely inhibited, but some of the defects
in the phenotype, like proper grana stack development, could be rescued in gun5
mutants when HSP25.3-CP was overexpressed. Although HSP25.3-CP is proposed
to interact with photosystem II and the thylakoid membrane, its chaperone activity is
not limited to membrane proteins. Another study in A. thaliana identified pTAC5 as a
target of HSP25.3-CP, and this complex is involved in the maintenance of plastid-
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encoded RNA polymerase-dependent transcription and required for chloroplast
development during heat stress (Zhong et al., 2013). Studies have also shown that
HSP25.3-CP interacts with FtsH6, a plastid metalloprotease, which negatively impacts
sHSP abundance (Sedaghatmehr et al., 2016). However, despite various studies, the
molecular mechanism of action and nature of interaction between the chloroplast
sHSP and its targets remain largely unknown.
Besides localizing in the mitochondrion, not much is known about HSP26.5MTII. This mitochondrial sHSP shows up in A. thaliana proteomic experiments
involving heat-stressed mitochondria (Kim et al., 2012b; Liu & Vierling, personal
communication). There have been overexpression studies of mitochondrial sHSPs in
other plant species that show enhanced stress tolerance. An alfalfa mitochondrial
sHSP, MsHSP23, was overexpressed in tobacco and leading to better germination
rates than wild-type tobacco plants when grown on arsenic; the transgenic plants also
showed less susceptibility and electrolyte leakage to arsenic and salt stress than wildtype tobacco (Lee et al., 2012). In another study, a tomato mitochondrial sHSP,
LeHSP25.0, was overexpressed in tobacco and these tobacco plants survived heat
treatment at 46 ºC and 48 ºC for 2 hours while wild-type tobacco plants only survived
heat treatment at 46 ºC (Sanmiya et al., 2004). Furthermore, these researchers
examined thermotolerance in antisense plant lines for LeHSP25.0, which did not
survive 48 ºC or 48 ºC treatments, suggesting that reduction in LeHSP25.0 expression
leads to impaired thermotolerance, whereas enhanced LeHSP25.0 expression
allowed for better plant survival at higher temperatures. One goal of experiments in
this thesis is better characterization and insight into HSP26.5-MTII function.
There is very little literature regarding the two sHSPs represented by HSP23.5MTI/CP and HSP23.6-MTI/CP, besides that they have been proposed to localize in
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both the mitochondria and the chloroplasts (Van Aken et al., 2009). A recent
publication involving GhHSP24.7, a mitochondrial sHSP in cotton (homologous to
AtHSP23.6-MTI/CP), provides compelling evidence for a role in seed germination,
demonstrating that seeds that had GhHSP24.7 suppressed were insensitive to
temperature and exhibited delayed germination compared to wild-type cotton seeds
(Ma et al., 2019). The authors also reported that GhHSP24.7 interacted with the
cytochrome C/C1 maturation factor CcmFc.
Information on expression of A. thaliana genes in specific plant tissues can be
found on the ePlant database (https://bar.utoronto.ca/eplant/). The data show that
mitochondrial or chloroplast sHSP transcripts are somewhat elevated at various points
of development, such as in the seed and even reproductive structures, but are highly
upregulated during heat stress (Figure 5-8). The colors in these data need to be
evaluated carefully, because the scale in each figure is different. The mRNA levels of
AtHSP23.6-MTI/CP and HSP26.5-MTII were much higher than AtHSP23.5-MTI/CP
and AtHSP25.3-CP in seeds despite the similarity in color presented (Figure 5A, 6A,
7A, 8A). AtHSP23.5-MTI/CP seems to be most strongly induced with heat stress,
though transcript levels are also elevated under salt, oxidative, and UV-B stress
(Figure 5B). Similarly, AtHSP23.6-MTI/CP is induced during UV-B stress and strongly
induced during heat stress, and is at higher levels than AtHSP23.5-MTI/CP based on
the scale (Figure 6B). The data for AtHSP25.3-CP show that it is also strongly heatinduced and that transcripts remain elevated in the leaves even after 6 hours of
recovery (Figure 7B). Additionally, it seems that AtHSP25.3-CP might be induced by
osmotic stress. The data in Figure 8B suggest that HSP26.5-MTII mRNA levels are
influenced by osmotic, salt, and heat stress. Although HSP26.5-MTII mRNA levels are
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elevated during heat stress in both the leaves and roots, it is apparent that transcript
levels are highest in the roots.
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Figure 5. Gene expression of HSP23.5-MTI/CP.
The ePlant database information on expression levels of HSP23.5-MTI/CP (AT5G51440)
mRNA. (A) Expression in various A. thaliana tissues at different stages of development under
non-stress conditions is essentially undetectable, with the exception of low levels of
transcript detected in seeds, roots and flowers. (B) mRNA levels after various abiotic stress
treatments. Expression is noticeably upregulated only after 1 hour under salt, UV-B and heat
stress. Images were generated with the AtGenExpress eFP (A) and the Abiotic Stress eFP (B)
at bar.utoronto.ca/eplant (Waese et al., 2017), which derives data in (A) from Schmid et al.,
(2005) and Nakabayashi et al. (2005), and in (B) from Kilian et al. (2007). Gene expression data
were generated using the Affymetrix ATH1 array and normalized by the GCOS method, TGT
value of 100. Note the differences between the heat map scales on the lower left.
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Figure 6. Gene expression of HSP23.6-MTI/CP.
The ePlant database information on expression levels of HSP23.6-MTI/CP (AT4G25200)
mRNA. (A) Expression in various A. thaliana tissues at different stages of development,
showing detectable expression in seeds and flowers in the absence of stress. (B) mRNA levels
after various abiotic stress treatments; expression is upregulated only after 1 hour under UVB and heat stress. Details as in Fig. 5.
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Figure 7. Gene expression of HSP25.3-CP.
The ePlant database information on expression levels of HSP25.3-CP (AT4G27670) mRNA. (A)
Expression data in various A. thaliana tissues at different stages of development in absence
of stress. Very low levels are present in seeds, roots, and flowers. (B) Expression after various
abiotic stress treatments; mRNA levels are upregulated only after 1 hour under heat stress.
Other details as in Fig. 5.
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Figure 8. Gene expression of HSP26.5-MTII.
The ePlant database information on expression levels of HSP26.5-MTII (AT1G52560) mRNA.
(A) Expression in various A. thaliana tissues at different stages of development in the absence
of stress. mRNA is detected only in seeds and green cotyledons. (B) Expression after various
abiotic stress treatments; mRNA is highly upregulated only after 1 hour under heat stress.
Other details as in Fig. 5.

24

1.7 Thesis overview
A major challenge is to develop a mechanistic understanding of how sHSPs
function in vivo. The Vierling lab had already identified HSP23.5-MTI/CP and
HSP23.6-MTI/CP single knockout mutant in Arabidopsis, as well as the higher order
HSP23.5/23.6 double knockout. These mutant plants showed no noticeable difference
in phenotype under normal growth conditions compared to wild-type plants, but further
experimentation is required to observe phenotypes. I first wanted to determine
whether a quadruple knockout (qko) mutant of the sHSPs that localize in the
mitochondria and chloroplast would be viable. After crossing and genotyping
seedlings, this mutant was obtained and found to be viable despite not expressing the
sHSP proteins. I expected plants lacking sHSPs to show heat sensitivity, because of
the high level of sHSP induction by heat, but limited heat sensitivity was observed,
although the qko grew less than wild-type A. thaliana plants after heat stress. A variety
of other stress assays were also performed, including salt and heavy metal stress, that
were designed to provide insight into any other role sHSPs might fulfill in plants.
Determining how sHSPs affect plant survival, thermotolerance and responses to other
stresses may provide insight into their might function.
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CHAPTER 2
MATERIALS AND METHODS

2.1 Plant material and growth conditions
All Arabidopsis thaliana lines used in this study were of the Columbia (Col-0)
accession unless stated otherwise. Seeds of the following sHSP single knockouts
were obtained from the Arabidopsis Biological Resource Center: hsp23.5
(SALK_118536), hsp23.6 (SAIL_373_B0), hsp25.3 (HSP21_92H4, Stock CS85472),
hsp26.5 (SAIL_423_G06). Single knockouts were crossed before the flowering stage
using forceps to remove all plant material in the bud except for the pistil and were
fertilized using pollen from the other plant; this process was used to create multiple
sHSP knockout plants.
Seeds were surface-sterilized by incubation in a bleach solution (50% bleach,
0.1% Triton-X100) for 10 minutes with agitation, and then rinsed with sterile water five
times in a sterile environment to remove residual bleach. All seeds were plated as
specified below on plates containing MS media (0.5X Murashige and Skoog basal
medium powder, 0.8% agar, 0.5% sucrose; adjusted to pH 5.7 with KOH) (M5519
Sigma-Aldrich). Depending on the assay, plates were wrapped in either parafilm or
gas permeable tape (described in more detail below). Seeds on plates were stratified
at 4 ºC in darkness for 2 days to synchronize germination before moving them into a
growth chamber (100 μmol photons m-2 s-1) at 22 ºC under long day (16 h light and 8
h dark) conditions, unless stated otherwise. Plants that were transplanted were
transferred from the MS media to pots with soil keeping their roots intact. Transplanted
seedlings were kept in humid conditions in the growth chamber for 3 days to promote
survival.
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2.2 DNA extraction for plant genotyping
A small leaf from each F2 generation plant was harvested into a 1.7 mL
Eppendorf tube. A small blue plastic pestle was used to grind the plant tissue into
paste. The mixture was then incubated in 150 μL of DNA extraction buffer (250 mM
NaCl, 25 mM EDTA, 0.5% SDS, 200 mM Tris-HCl pH 7.5) for 5 min and another 5 min
after adding 100% isopropanol. The sample was then centrifuged for 5 min and the
supernatant discarded. 70% ethanol was added to the sample and centrifuged for 5
min before discarding the supernatant. After allowing the sample to dry for 40 min, the
DNA was resuspended in 1X TE (10 mM Tris HCl, 1.0 mM EDTA, pH 8) buffer by
vortexing and incubation at 4 ºC overnight. DNA was stored in the dark at -20 ºC after
resuspension.
Before using the DNA for PCR reactions, samples were centrifuged at
maximum speed for 1 min to keep any residual plant material at the bottom of the tube.

2.3 Genotyping for hsp23.5 (AT5G51440)
Polymerase chain reaction (PCR) was utilized to genotype plants for the
hsp23.5 allele (SALK_118536). Genomic DNA extracted from plants of interest was
amplified in two ways, using primers to detect the wild-type gene or primers to detect
the mutant allele carrying the T-DNA insertion. The wild-type primers were:
23.5-F2
23.5-R2

5’- GCACGACGAGTTAACCCATC -3’
5’- AAACCTCCGTCCATCTCCAG -3’.

The primers used to genotype for the SALK_118536 T-DNA insertion were:
23.5-R2
LBb1.3

5’- AAACCTCCGTCCATCTCCAG -3’
5’- ATTTTGCCGATTTCGGAAC -3’.
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The PCR mixture was a total of 20 μL (final concentration 1X Phusion HF
Reaction Buffer from NEB, 0.5 μM forward primer, 0.5 μM reverse primer, 200 μM
dNTP each, homemade Phusion polymerase titrated for optimum concentration in milli
Q water). The PCR conditions were: 1 cycle at 95 ºC for 1 min for initial denaturation,
followed by 40 cycles at 95 ºC for 10 sec, 63 ºC for 20 sec, and 72 ºC for 30 sec for
denaturation, annealing, and extension, respectively, and finishing with a 10 min
incubation at 72 ºC and an infinite hold at 4 ºC. 6X DNA loading dye (final
concentrations 5% (v/v) glycerol, 0.04% (w/v) bromophenol blue, 0.04% (w/v) xylene
cyanol FF, and 0.04% (w/v) Orange G) was added to each reaction mixture. 10 μL of
the reaction mixture with dye was loaded on a 1.3% agarose gel made with 1X LAB
(10 mM lithium acetate, 10 mM boric acid, pH 7.5) buffer and run at 250 V for 15 min.
The gel was visualized with a G:Box iChemi XT(Syngene).

2.4 Genotyping for hsp23.6 (AT4G25200)
PCR was utilized to genotype for the hsp23.6 mutant allele (SAIL_373_B0) as
described for hsp23.5, but with the following primers. The wild-type primers were:
23.6-F2 5’- AACAGGCCTAATACCGATGG -3’
23.6-R2 5’- CATCGACCGTGCCAAACTAC -3’.
The primers to genotype for SAIL_373_B09 T-DNA insertion were:
23.6-R2 5’- CATCGACCGTGCCAAACTAC -3’
SAIL-LB3 5’- TAGCATCTGAATTTCATAACCAATCTCGATACAC -3’.

2.5 Genotyping for hsp25.3p (AT4G27670)
Because the hsp25.3 mutant allele (HSP21_92H4) is a point mutation in the 3’
splice site of the gene, a derived cleaved amplified polymorphic sequences (dCAPS)
assay was used for genotyping. The wild-type sequence is shown below:
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CAACGCTTAACCATGGACGTCTCTCCTTTCGgtacgttcaactaactaaacggacttcacttgtat
aaataaaaactacatcctctgcttattacttaaaacattgctctgtttttatgaactcagcttttgtcaatcgaaaatctcttcc
tctgctttgaactgaaacaatgttctgttttaatctaaccacagGATTGTTGGATCCTTTGTCACCAATG
AGGACGATGCGACAAATGTTAGATACTATGGACAGGATGTTCGAGGACACTATG
CCTGTCTCAGGAAGAAACAGAGGAGGAAGTGGAGTGTCAGAGATTCGTGCACC
GTGGGACATCAAAGAGGAAGAACACGAGATCAAGATGCGTTTCGACATGCCTG
GTCTCTCTAAAGAAGACGTCAAAATCTCTGT
In the mutant, there is a change from g to A, right before the start of the second exon.
Exonic sequences are in UPPERCASE, and intronic sequence in lowercase. The
forward

primer

is

cut

in

the

mutant

by

BstXI

(recognition

sequence:

CCANNNNNNTGG). Only DNA from the mutant is cut because the restriction site is
only present in the amplified mutant DNA, not in the amplified wild-type DNA. PCR
was used to amplify the extracted genomic DNA. The primers used were:
25.3p-3 F 5’- AAACAATGTTCTGTTTTAATCTAACCACC -3’
25.3p-4 R 5’- AGAGACCAGGCATGTCGAAA -3’.
The PCR mixture was a total of 20 μL (with final concentration 1X Standard
Taq Reaction Buffer, 0.5 μM forward primer, 0.5 μM reverse primer, 200 μM dNTP
each, 0.1 μL homemade Taq polymerase, and milli Q water). The PCR conditions
were initial denaturation at 95 ºC for 2 min followed by 40 cycles of 95 ºC for 30 sec,
57 ºC for 30 sec, and 72 ºC for 20 sec for denaturation, annealing, and extension
respectively and then finishing with a 10 min incubation at 72 ºC and an infinite hold
at 4 ºC.
The restriction enzyme digestion was performed in a 13 μL reaction (11.4 μL
of PCR reaction, 1X NEB3.1 buffer, 0.3 μL BstXI restriction enzyme). The mixtures
were incubated at 37 ºC for 4 h and then at 12 ºC for 30 min. 6X DNA loading dye was
added to the reaction mixture. 10 μL of the reaction mixture with the dye was loaded
on a 3.0% agarose gel made with TAE (40 mM Tris Base, 20 mM glacial acetic acid,
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1 mM disodium EDTA, pH 8.3) buffer and run at 100 V for 45 min. The gel was
visualized as above.
Note: The hsp25.3p mutant was initially in the Ler A. thaliana background and
had been backcrossed at least twice to Col before the start of my experiments and
prior to crossing to obtain higher-order sHSP knockout mutants.

2.6 Genotyping for hsp26.5m (AT1G52560)
PCR was utilized to genotype for the hsp26.5 allele (SAIL_423_G06), using
the same protocol as for hsp23.5. The wild-type primers were:
26.5m-1 5’- TCTAGCTCGTCTGGCTTTGAG -3’
26.5m-2 5’- AAGAACACAAAAACGACACCG -3’.
The primers to genotype for SAIL_423_G06 T-DNA insertion were:
26.5m-1 5’- TCTAGCTCGTCTGGCTTTGAG -3’
SAIL LB3 5’- TAGCATCTGAATTTCATAACCAATCTCGATACAC -3’.

2.7 Protein extraction and quantification
Seeds were plated and grown in the light at 22 ºC under long day conditions
for 8 days. To heat stress samples, plates were incubated at 38 ºC for 1.5 h and
allowed to recover for 2 h before extraction. Approximately 80-90 mg of whole
seedlings were flash frozen in liquid nitrogen and ground before adding three μL of
sample buffer (60 mM Tris-HCl pH 6.8, 2% SDS, 65 mM DTT, 15% sucrose, 0.01%
bromophenol blue) per 1 mg of plant material. Mixtures were heated and centrifuged
at maximum speed to isolate the supernatant containing total protein. 2 μL of protein
standard containing 0.0, 0.125, 0.25, 0.5, 0.75, 1.0, or 1.5 mg mL-1 bovine serum
albumin (BSA) and 2 μL of plant samples were spotted on filter paper and left to dry
overnight. The spotted filter paper was incubated in Coomassie Stain (0.1%
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Coomassie Brilliant Blue R-250, 50% methanol, and 10% glacial acetic acid) for 10
min then destained with deionized water for 30 min. Each spot was hole-punched into
a tube containing 2% SDS and incubated at room temperature for 4 h with agitation.
The samples were then quantified using a Nanodrop Spectrophotometer by comparing
absorbances to the BSA standard curve. The protein concentrations were between 12 μg μL-1 for most samples.

2.8 Immunoblot analysis
50 μg of total protein from the different genotypes in sample buffer was
denatured with heating at 95°C for 5 min, separated on 15% SDS-PAGE and blotted
for 2 h to nitrocellulose membrane using semi-dry transfer. Blots were blocked with
5% (w/v) milk in TBS-T (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.05% Tween-20) for
1 h at room temperature with gentle agitation and rinsed with TBS-T. Blots were
incubated in primary antibody diluted to 1:2000 in TBS-T for 1 h at room temperature
(RT) with agitation (sHSP primary antibodies were obtained through Agrisera). The
antibody solution was decanted, and the blot was rinsed briefly twice, then washed 3
times for 10 min in TBS-T at RT with agitation. Blots were incubated in GE Healthcare
secondary antibody (anti-rabbit IgG horseradish peroxidase conjugated) diluted to
1:5000 in TBS-T for 1 h at room temperature with agitation. Blots were washed as
above and incubated with Thermo Scientific SuperSignal West Femto Maximum
Sensitivity ECL Substrate before visualizing with the G:Box iChemi XT (Syngene).

2.9 Hypocotyl elongation assay
The hypocotyl elongation assay was performed as described by Kim et al.
(2017). Seeds of each genotype were sterilized and plated on 100 x 15 mm square

31

petri dishes that contained 10 mL plant media (0.5X Murashige and Skoog media,
0.5% sucrose, 0.8% agar) in a sterile environment. Seed placement was staggered
on each line to avoid contact between seedlings during growth. The plates were
wrapped in Parafilm and placed in 4 ºC for 3 days to synchronize germination.
Plates were wrapped with aluminum foil to ensure seedlings were kept in the
dark. Wrapped plates were put in the growth chamber at 22 ºC for 3 days to germinate
and grow vertically. The plates were then unwrapped and placed horizontally in an
incubator in the dark set at 38 ºC for 1.5 h (acclimation treatment). A replicate of this
plate was kept at 22 ºC (the room temperature control). The plates were taken out of
the incubator and kept vertically at 22 ºC for 2 h in a dark place for the recovery period
and then horizontally placed into a 45 ºC incubator for a variable amount of time (2.5
h, 3 h) for the heat treatment. After the heat treatment, plates were marked at the tip
of each hypocotyl, wrapped in aluminum foil, and then placed vertically at 22 ºC for 3
days. The elongation of each hypocotyl was measured after the last recovery period.

2.10 Heat stress assay of light grown seedlings
Light grown seedling assays were performed basically as described by Kim et
al. (2017) with some modifications. The number of seeds needed for each genotype
were and plated on circular petri dishes that contained 25 mL plant media (0.5X
Murashige and Skoog media, 0.5% sucrose, 0.8% agar) in a sterile environment.
Plates were divided and marked into 8 sections. 15 seeds were placed in each section
and seed placement was staggered to avoid contact between seedlings during growth.
The plates wrapped in gas permeable tape (which allowed for gas exchange)(3M
Micropore Paper Tape) and placed in 4 ºC for 3 days to synchronize germination. For
acute heat stress, the plates were put in the growth chamber at 22 ºC for 10 days and
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then placed in an incubator in the dark set at 45 ºC for 60 or 75 min. After the heat
treatment, plates were left at 22 ºC for 7 days to allow seedlings to recover and then
photographed.
For heat stress with acclimation, the plates were put in the growth chamber at
22 ºC for 10 days and then placed in an incubator in the dark set at 38 ºC for 1.5 h for
acclimation treatment. A replicate of this plate was kept at 22 ºC (the room temperature
control). The plates were taken out of the incubator and kept at 22 ºC for 2 h in the
growth chamber for the recovery period and then horizontally placed into a 45 ºC
incubator for a variable amount of time (3 or 4 h) for the heat treatment. After the heat
treatment, plates were left to recover in the growth chamber at 22 ºC for 7 days and
then photographed. Sensitivity to heat was indicated by the bleached white
appearance of the seedlings.

2.11 Heavy metal stress assay
Seedlings were grown on plates as described for the heat assay, but with the
addition of heavy metals to the media. The heavy metals supplemented in MS media
were either copper (CuSO4 – 50 μM), zinc (ZnCl2 – 47.7 μM), nickel (NiSO4 – 100 μM),
cadmium (CdSO4 – 100 μM, 200 μM), cobalt (CoCl2 – 100 μM), or arsenic (Na2HasO4
– 50 μM, 150 μM, 250 μM). Stock solutions were filter sterilized and then diluted to the
final concentrations indicated above when the media was ready to be poured.

2.12 Creating vectors for expression of GFP-tagged sHSPs
To clone the four sHSP genes with their native promotor (region of
approximately 1000-3000 bp upstream of gene) and without the stop codon, the
following primer pairs were used to amplify DNA extracted from Col-0 plants:
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23.5-F2 5’- GCACGACGAGTTAACCCATC -3’
23.5-R3 5’- GTCAACGTTTATGTGACGAATATTG -3’
23.6-F3 5’- GCTCCGGTTATTATTGGGCG -3’
23.6-R3 5’- GTTGATCTCGATCTGACGAACAT -3’
25.3-F2 5’- GGACGACGACAGAGCTTTTG -3’
25.3-R2 5’- CTGAATCTGGACATCGATGACTT -3’
26.5-F2 5’- ACCGGTCCCATTTCTGTTCT -3’
26.5-R2 5’- CTCAACAGAAATCTCCTGAACATTC -3’.
The PCR used Taq polymerase with the parameters explained for genotyping
hsp25.3p, but with a final extension step at 72 °C set to 30 mins to allow Taq to add
deoxyadenosine (A) to the 3’ ends of PCR products (pCR™8/GW/TOPO® TA
Cloning® Kit, 2012). The PCR products were then used for Gateway cloning as molar
equivalents of PCR product and pCR™8/TOPO® vector were added to a salt solution
(with final concentration 400 mM NaCl, 200 mM MgCl). The reaction was gently mixed
before a 5 minute incubation at room temperature.
For each transformation, 2 μL of each TOPO® cloning reaction was added to
a vial containing 100 μL One Shot® TOP10 chemically competent E. coli cells. After
30 minutes on ice, the cells were heat-shocked for 30 seconds at 42 °C. After addition
of 250 μL S.O.C. media (Thermo Fisher Scientific), vials were shaken at 37 °C and
230 rpm for 1 h. 50 μL of bacterial culture was spread on a prewarmed LB agar plate
containing 100 μg/mL spectinomycin and incubated overnight at 37 °C. Colonies were
transferred to tubes containing 5 mL of LB media (with 100 μg/mL spectinomycin) and
incubated overnight at 37 °C and 230 rpm. Plasmids were isolated from these bacterial
cultures using PureLink™ Quick Plasmid Miniprep Kit (Thermo Fisher Scientific) and
the insert (the whole promoter and gene) was sequenced to ensure no errors.
For the LR reaction, 20 fmoles of the entry clone and 20 fmoles of the
destination vector (pMDC107, courtesy of Dr. Kim) that contained the GFP-tag was
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added to 1X TE buffer to total of 8 μL. 2 μL of LR Clonase™ II enzyme mix was added
to the reaction mixture and then incubated at 25 °C for 1 h. After Proteinase K solution
was added to each reaction, the samples were incubated at 37 °C for 10 minutes to
terminate the reaction.
For each transformation, 1 μL of LR reaction was added to a vial of One Shot®
E. coli cells and incubated as explained above. 50 μL of the bacterial culture was
spread on a LB agar plate containing 100 μg/mL kanamycin and incubated overnight
at 37 °C. Colonies were then transferred to tubes containing 5 mL of LB media (with
100 μg/mL kanamycin) and shaken overnight at 37 °C and 230 rpm. The plasmids
were isolated from these bacterial cultures PureLink™ Quick Plasmid Miniprep Kit
(Thermo Fisher Scientific) and confirmed by PCR using primers explained in this
section and the same protocol as genotyping for hsp25.3p.
The Agrobacterium tumefaciens transformation was done via electroporation
to have optimal efficiency. 100 ng of the recombinant plasmid was added to vials
containing 50 μL of Agrobacterium strain GV3101 competent cells (prepared by Dr.
Minsoo Kim). Samples were transferred to electroporator cuvettes, pulsed at 1200 V
for 5 ms, then incubated in 1 mL LB media for 2-4 h at 28 ℃ and 200 rpm. 100 μL of
the bacterial culture was spread on a prewarmed LB agar plate containing 100 μg/mL
kanamycin and 100 μg/mL gentamicin and incubated overnight at 28 °C and 200 rpm.
Colonies were transferred to tubes containing 5 mL of LM media (with 100 μg/mL
kanamycin, 100 μg/mL gentamicin) and incubated overnight at 28 °C and 200 rpm.
The culture was then transferred (1:2000) to 350 mL media to produce a culture for
plant transformation by the floral dip method (explained below).
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2.13 Creating transformants via floral dipping (conducted by Dr. Minsoo Kim)
Agrobacterium tumefaciens carrying the sHSP-GFP fusion constructs were
selected through kanamycin and gentamicin resistance. Resistant colonies were
grown in LB media (final concentration 10% peptone, 5% NaCl, 5% yeast extract) and
then resuspended to a 5% sucrose solution to an OD600 of 0.8. Silwet L-77 was then
added (final concentration 0.05% v/v). Plants with immature flower clusters were
dipped into the solution for 3 seconds with gentle agitation until a film of liquid coated
the plant. Dipped plants were kept in the dark and under humid conditions for 24 h
after which they were allowed to grow under normal conditions. Transformed plants
(T1 generation) were selected on hygromycin and then transplanted to soil. The seeds
from these plants (T2 seeds) were further evaluated on plates with hygromycin to
determine antibiotic segregation ratios that indicate the number of construct copies in
each plant line.
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CHAPTER 3
RESULTS

3.1 Abbreviations
Backgrounds:
Col
Wild-type A. thaliana Col-0 accession
Ler
Wild-type A. thaliana Ler accession
Genes:
HSP101
HSP23.5
HSP23.6
HSP25.3p
HSP26.5m

A. thaliana heat shock protein 101 (AGI #: AT1G74310)
A. thaliana heat shock protein 23.5 (AGI #: AT5G51440)
A. thaliana heat shock protein 23.6 (AGI #: AT4G25200)
A. thaliana heat shock protein 25.3 (AGI #: AT4G27670)
A. thaliana heat shock protein 26.5 (AGI #: AT1G52560)

Nomenclature of mutants:
hot1-3
Insertional knockout of HSP101
hsp23.5
HSP23.5 single knockout
hsp23.6
HSP23.6 single knockout
hsp25.3p
HSP25.3p single knockout
hsp26.5m
HSP26.5m single knockout
dko
Double knockout
mtko
Mitochondrial triple knockout
ctko
Chloroplast triple knockout
qko
Quadruple knockout

3.2 Obtaining a mitochondrial and chloroplast sHSP quadruple knockout mutant
There is much evidence demonstrating the upregulation of hsp23.5, hsp23.6,
hsp25.3p, and hsp26.5m transcripts when plants are heat stressed (Figure 5-8). To
determine the role of these chaperones in thermotolerance, the goal was to create
multiple gene knockouts of the sHSPs of interest to test in different phenotypic assays.
Single knockouts of these four genes were already available in the Vierling lab. Three
of the sHSP genes (hsp23.5, hsp23.6, and hsp26.5m) were knocked out in the A.
thaliana Col background as a result of a T-DNA insertion (Figure 9). In A. thaliana, it
is possible to use Agrobacterium tumefaciens containing T-DNA vectors to infiltrate
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and introduce T-DNA insertions into plant genes. T-DNA insertions are typically
greater than 1 kb in length and stably integrated into the genome producing a
disruption of gene function, especially if the T-DNA is inserted in the coding sequence
of the gene. Two advantages of using these mutants are that (1) the T-DNA insertions
are inheritable, and (2) mutant plants can be genotyped using standard polymerase
chain reaction (PCR) to determine whether the mutation is present (O’Malley et al.,
2015).
The gene knockout of hsp25.3p in the A. thaliana Ler background was made
possible through TILLING (Targeting Induced Local Lesions IN Genome) lines from
ethyl methanesulfonate (EMS)-mutagenized plants (Figure 9)(Greene et al., 2003).
This method produces knockouts by treating plants with EMS to generate random
point mutations where C:G base pairs become A:T base pairs and the treated genome
is sequenced to confirm the point mutation(s). PCR in conjunction with other methods
is used to determine the presence of the point mutation.
A double knockout (dko) of hsp23.5 and hsp23.6 had been generated
previously and higher-order knockout mutants were also obtained in the Vierling lab.
The mitochondrial sHSP triple knockout (mtko) mutant (hsp23.5, hsp23.6, and
hsp26.5m) and the chloroplast sHSP triple knockout (ctko) mutant (hsp23.5, hsp23.6,
and hsp25.3p) were generated through specific genetic crosses. To obtain the qko
mutant, I crossed the mtko and ctko mutants in both directions: pollen from the mtko
mutant fertilizing the female ctko mutant, and pollen from the ctko mutant fertilizing the
female mtko mutant. The F1 seedlings would be homozygous for the hsp23.5 and
hsp23.6 mutant alleles because both parent plants (mtko and ctko mutants) were
homozygous for the T-DNA insertion, and would be heterozygous for hsp25.3p and
hsp26.5m (F1 genotype hsp23.5 hsp23.6 hsp25.3/+ hsp26.5/+). From each cross, 48
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F2 seedlings were genotyped for hsp25.3p and hsp26.5m, as the other two sHSP
genes were expected to be knocked out. From these 96 seedlings, one seedling from
each cross contained homozygous mutant alleles for hsp25.3p and hsp26.5m
(Supplemental Table 1). From these two seedlings, 23 F3 seedlings were genotyped
to confirm the knockout of all chloroplast and mitochondria localizing sHSPs
(Supplemental Table 2).
The hsp23.5, hsp23.6, and hsp26.5m mutant alleles are the result of a T-DNA
insertion in each gene, which should prevent expression these protein chaperones. It
is possible to distinguish between T-DNA and wild-type sHSP alleles using the
polymerase chain reaction (PCR), followed by agarose gel visualization of the
products. Using specifically designed primers, the T-DNA amplicon product that
identifies the mutant gene is smaller than that produced from the wild-type gene. The
logic is that when gene specific primers are used during the PCR, if the genomic DNA
does not contain the T-DNA, then the PCR products will be approximately 1000 bp in
size; while, if the T-DNA insertion is present, then there would be no product. However,
when the T-DNA insertion is present, a gene specific primer combined with a T-DNA
primer produces a smaller PCR product that will not be amplified from the wildtype
gene. After performing gel electrophoresis, the presence of no band at 1000 bp and a
smaller band indicating T-DNA would suggest that the gene is knocked out, and the
knockout is homozygous. The PCR results for the qko candidate shown is
homozygous for T-DNA bands for hsp23.5, hsp23.6, and hsp26.5m (Figure 10A, B,
and D).
The process for determining whether the plant is a knockout for hsp25.3p is
different, because instead of a T-DNA insertion the gene has a point mutation. For this
specific mutation, a method known as derived cleaved amplified polymorphic
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sequence (dCAPS) was used. This method involves a primer that is mismatched to
the template DNA by one base pair, introducing a site that can be recognized by a
restriction enzyme, in this case BstXI. After PCR amplifies the region containing the
point mutation, the products are digested with BstXI, and agarose gel electrophoresis
is performed. As designed for the hsp25.3 gene, if there is no mutation, the PCR
product would remain undigested (222 bp), but if the point mutation is present, then
the PCR product would be cut and now shorter (190 bp) indicating that the restriction
enzyme recognized the restriction site in the mutant allele (Figure 10C).
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Figure 9. Schematic gene maps of the mitochondria and chloroplast sHSP
alleles.
Mutant alleles for the sHSP gene are diagrammed above the wild-type gene. Next to
the mutant allele name is the SALK, SAIL, or polymorphism designation used to
identify the mutation. The length of the coding region is indicated to the right. The
mutant variants of the hsp23.5, hsp23.6, and hsp26.5m are the result of a T-DNA
insertion generated through Agrobacterium tumefaciens infiltration, indicated by the
triangular structure. The T-DNA insertions for hsp23.5 and hsp23.6 are located in the
first exon. The T-DNA insertion for hsp26.5m is in the intron region. The mutant allele
for hsp25.3p is a result of a point mutation caused by EMS-mutagenesis that changes
a G to an A and disrupts splicing, indicated in green. Wide bars indicate final mRNA
with pink border indicating coding region. Narrow bars represent introns. Lengths are
to scale.
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Figure 10. PCR confirmation of sHSP knockouts in qko mutant plants.
The qko candidate shown was determined to carry knockout alleles for hsp23.5,
hsp23.6, hsp25.3p, and hsp26.5m. The control sample was Col DNA. The primers
used for each reaction are described in detail in the Materials and Methods section.
(A) Genotyping results for hsp23.5 using primers for the wild-type gene (23.5WT) or
the T-DNA insertion (23.5T). A band at 1134 bp indicates the presence of the wildtype HSP23.5 gene. A band at 520 bp indicates the presence of a T-DNA insertion in
the gene. The qko contains only the T-DNA insertion allele HSP23.5. (B) Genotyping
results for hsp23.6. Primer combinations labeled as in A. A band at 1067 bp indicates
the presence of the wild-type HSP23.6 gene. A band at 700 bp indicates the presence
of a T-DNA insertion in the gene. The qko contains only the T-DNA insertion allele for
HSP23.6. (C) Genotyping results for hsp25.3p. Primer combinations labeled as in A.
A band at 222 bp indicates the presence of the wild-type HSP25.3p gene. A band at
190 bp indicates the presence of a point mutation in the HSP25.3p gene. The qko
contains only the allele with a point mutation in HSP25.3p. (D) Genotyping results for
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hsp26.5m. Primer combinations labeled as in A. A band at 1008 bp indicates the
presence of the wild-type HSP26.5m gene. A band at 450 bp indicates the presence
of a T-DNA insertion in the hsp26.5m gene. The qko contains only the T-DNA insertion
allele for HSP26.5m. A band in the Col sample at a position similar to the T-DNA band
is most likely due to contamination. The qko plant that was genotyped is identified as
ctko(141_98_6)Xmtko(F3_34_1M)F3#19.01.
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3.3 Confirming the absence of the sHSP proteins
To confirm that knockout plants are not producing any of the sHSPs,
immunoblotting was performed. Total A. thaliana protein from seedlings maintained at
control temperatures or subjected to heat stress (See Material and Methods) were
separated by SDS-PAGE and transferred to a membrane and probed with antibodies
directed against the different mitochondria or chloroplast sHSPs. The important motifs
and molecular weights of these sHSPs are indicated in Figure 11. The sizes of the
sHSPs, both the full-length precursor polypeptide and the mature polypeptide without
the targeting sequence, are approximately 20-27 kDa.
The antibody against HSP23.6 seemed to be binding to the expected protein
because of the observed band between 17 kDa and 28 kDa for heat-stressed plant
samples that still retain the HSP23.6 gene (Col, hot1-3, HSP23.5, HSP25.3p,
HSP26.5m), but not in plants carrying the mutation in the HSP23.6 gene. No HSP23.6
protein was detected in the absence of heat stress as expected. The signal is
somewhat weak because the antibody had been recycled for use on multiple blots
(Figure 12).
The HSP25.3p antibody also detected protein bands of the expected size
between 17 kDa and 28 kDa for heat-stressed samples from plants that were not
mutant for this sHSP (Col, hot1-3, HSP23.5, HSP23.6, HSP26.5m, DKO, and mTKO).
There was no detectable HSP25.3p in the absence of heat stress (Figure 13).
The antibody against HSP26.5m detects a band of the expected size of
between 17 kDa and 28 kDa for all the genotypes that are not mutant for this gene,
and no band is detected in plants with hsp26.5 allele. Nonspecific antibody binding to
a slightly smaller protein is present even when the plants are not heat stressed (Figure
14). Although the identity of this other protein is unknown, I conclude that this antibody
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recognizes HSP26.5m and that the genotypes with the protein knocked out do not
express it.
In summary, immunoblotting confirms that the hsp23.6, hsp26.5 and hsp25.3
mutants, and the double, triple and quadruple mutants carrying these alleles are
protein nulls for these sHSPs. Verification of the absence of hsp23.5 protein will
require generation of antisera that can recognize this protein. However, based on the
data from the other mutants and position of the T-DNA insertion, it appears highly
likely that the hsp23.5 allele is also a protein null.
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Figure 11. Protein features of mitochondria and chloroplast targeted sHSPs.
The different domains of the organelle targeted sHSPs are indicated. The targeting
sequence is located at the N-terminal end. Indicated in yellow is the amino acid
sequence of sHSPs destined for mitochondria, indicated in green is the amino acid
sequence of sHSPs destined for the chloroplast, and both yellow and green for sHSPs
that have been reported to dual-localize. The N-terminal domain is indicated in red,
the α-crystallin domain in navy blue, and the C-terminal extension in purple. The
numbers located underneath the diagrams show at which residue the domain starts.
The sizes in the right reflect the molecular weight of the full-length precursor protein
that retains the targeting sequence.
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Figure 12. Immunoblot confirmation that hsp23.6 knockout mutants are protein
nulls.
Total protein was isolated from seedlings kept at room temperature or after heat stress
(38 ºC for 1.5 h followed by 2 h of recovery at room temperature). Proteins were
separated by SDS-PAGE, blotted onto nitrocellulose, and probed with α-HSP23.6. A
Ponceau-S stain of the membrane is shown below as a protein loading control. The
numbers on the left are the molecular weights of the protein ladder in kDa. (A) Single
and double knockout mutant plant sample. (B) Triple and quadruple knockout mutant
plant samples.
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Figure 13. Immunoblot confirmation that hsp25.3p knockout mutants are protein
nulls.
Samples prepared and processed as in Fig. 12, but probed with α-HSP25.3p. Other
details as for Fig. 12. (A) Single and double knockout mutant plant sample. (B) Triple
and quadruple knockout mutant plant samples.
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Figure 14. Immunoblot confirmation that hsp26.5m knockout mutants are
protein nulls.
Samples prepared and processed as for Fig. 12, but probed with α-HSP26.5m. Other
details as for Fig. 12. (A) Single and double knockout mutant plant sample. (B) Triple
and quadruple knockout mutant plant samples.
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3.4 Increased expression of other HSPs may compensate for absence of specific
sHSPs
Further immunoblot analysis was conducted to determine whether the absence
of any of these sHSPs might lead to increased production of other HSPs as a potential
compensation mechanism for loss of function of these chaperones. Evidence of
possible sHSP compensation was observed in immunoblot analysis examining
expression of HSP26.5m. In Figure 14A, it is apparent that the HSP26.5m band is
stronger in the hsp23.6 mutant when compared to Col wild-type and the other
genotypes that retain this gene. These results suggest that mutation of HSP23.6 leads
to higher expression of HSP26.5m, hinting at compensation. These results need to be
replicated with careful quantitation of protein amounts and titrations to estimate any
increase in protein level.
Another instance of potential compensation is observed in immunoblot analysis of
HSP23.6 levels. HSP23.6 protein levels appear higher in the hsp26.5 knockout mutant
(Figure 15). Although more careful analysis is required, these data provide initial
evidence for possible compensation between two mitochondrial-localizing sHSPs,
HSP23.6 and HSP26.5m.
Because the sHSPs are not the only molecular chaperones present in these
organelles or other compartments of the plant cell, I also wanted to check for evidence
of compensation for the lack of the organelle sHSPs by other chaperone families.
Previous experiments have shown that the DnaK machinery interacts with sHSPsubstrate complexes and is capable in recovering substrate when complexes were
small, but when complexes were larger, efficient recovery of substrate protein required
ClpB activity (Mogk et al. 2003). Experiments have also shown that the amount of
sHSPs determines the size of the sHSP-substrate complex formed; the fewer sHSPs
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available, the bigger the sHSP-substrate complex (Friedrich et al., 2004). In the
quadruple knockout mutant, sHSPs that localize in the mitochondria and chloroplast
are absent and would suggest that large protein aggregates would form upon
proteotoxic stress that could require either more mitochondrial HSP70 (mtHSP70) and
HSP101 (mtHSP101) expression or activity. Relative expression levels of these
proteins could be determined by immunoblot analysis. Preliminary data on plant
samples that were heat-treated before protein collection seemed to overall have
higher mtHSP70 expression than those that were grown at room temperature without
stress (Figure 16). Furthermore, of the heat-treated plant samples, all of the knockout
mutant genotypes appear to have a stronger mtHSP70 signal than the wild-type Col
genotype, suggesting there are elevated levels of mtHSP70 in genotypes that lack
certain sHSPs. Replicates and additional analysis are required to make clear
conclusions.
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Figure 15. Immunoblot with leaf protein from sHSP knockout mutant plants to
determine levels of HSP23.6 in leaves.
Samples prepared and processed as for Fig. 12, but probed with α-HSP23.6. Other
details as for Fig. 12. (A) sHSP knockout mutant plant samples from mitochondriarelated genotypes. (B) sHSP knockout mutant plant samples from chloroplast-related
genotypes.
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Figure 16. Immunoblot with total protein from sHSP knockout mutant plants to
determine levels of mtHSP70.
Samples prepared and processed as for Fig. 15A, but probed with α-mtHSP70. Other
details as for Fig. 12.
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3.5 Phenotypes of organelle sHSP mutants
Under normal growth conditions, the phenotype of the different mutants is not
obviously different than the wild-type phenotype. The rosette sizes of the different
mutants appear to be the same size as Col. There are also no obvious defects in
reproduction, as seeds were readily obtained from the mutants. This may reflect the
fact that the sHSPs are not abundant at room temperature in the shoot, root, and the
flowers of the plant (Figure 5-8). Seeds of the sHSP knockout plants seem to
germinate at approximately the same time as Col after stratification, although the
sHSP mRNAs are found in seeds. The Vierling lab has sent these sHSP mutant lines
to Leonie Bentsink (Wageningen, The Netherlands) to test for more subtle defects in
seed germination or seed vigor.
Because the sHSPs are induced at temperatures higher than optimal, the next
logical test of phenotype was to subject plants to heat and other stresses. However,
controlling conditions for heat stressing plants on soil is non-trivial. For this reason, to
determine the phenotype caused by the lack of sHSPs, I focused on assay conditions
in which temperature, as well as parameters like nutrient distribution and water
availability, could be more accurately controlled.

3.6 Organelle sHSPs exhibit limited phenotypes when subjected to different
stresses
Plants start to express a high level of sHSPs after being exposed to
temperatures of approximately 37-38 ºC and are maximally expressed between 1 and
3 hours in elevated temperatures (Figures 5-8). As higher-order sHSP knockouts
have been obtained, and confirmed as protein nulls, the logical next step was to stress
the sHSP mutant plants and compare them to each other and to wild-type to determine
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whether the absence of sHSPs leads to decreased stress tolerance. Established heat
stress assays, as well as assays of tolerance to salt and heavy metals were utilized to
determine the phenotypes of the sHSP knockouts.

3.7 Heat stress response of dark grown seedlings: Hypocotyl elongation assay
It is commonly accepted that plants are able to acclimate to temperatures that
can be otherwise lethal. Typically, acclimation requires a period of exposure to a nondamaging temperature treatment, above the optimal temperature for growth (Kim et
al., 2017). It then takes a few hours of recovery after the heat acclimation treatment
for plants to be able to tolerate normally lethal temperatures. The optimal temperature
for heat acclimation in A. thaliana occurs around 37-38 ºC, which correlates with a
high level of induction of sHSP gene expression. An assay that allows quantitation of
this type of heat stress tolerance assesses hypocotyl growth/elongation after
acclimation followed by imposition of severe heat stress conditions of 45 ºC, a
temperature that is normally lethal. This assay, developed by Kim et al. (2017), was
used to gauge the effects of acute heat stress on growth of the sHSP mutants in
comparison to the wild-type.
sHSP mutants and wild-type seedlings were grown vertically on plates in the
dark and either maintained at room temperature or subjected to acclimation followed
by severe heat stress treatment. The HSP101 null mutant, hot1-3, was used as a
control for heat sensitivity (Hong and Vierling, 2001). Single knockouts (with the
exception of hsp23.5) and double knockouts grown in the dark at room temperature in
the absence of stress showed significantly longer hypocotyl growth compared to the
Col wild-type; hsp25.3p grew 40% more than Col on average and significantly longer
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than all of the other genotypes (Figure 17). Interestingly, the triple knockout mutants
and the qko mutant grew to a similar length as Col.
After heat acclimation followed by 2.5 or 3 hours of heat stress at 45 ºC, most
of the genotypes are affected by heat stress, though there was a lot of variability in
percent growth (Figure 18). The hsp23.6 (51.9% growth after 3 hours of heat stress),
dko (51.7 %), hsp26.5m (54.3%), mtko (50%), hsp25.3p (56%), and qko (44.6%)
genotypes are statistically significantly more sensitive to heat stress when compared
to Col (62.9%), showing reduced growth after heat treatment. Although the average
elongation of the hsp23.5 (59.1%) and ctko (59.1%) mutants was also less than wildtype, the difference was not statistically significant. Notably, heat sensitivity of the
sHSP mutants is significantly less than that of a mutant in the chaperone HSP101,
hot1-3 (9.6%). Although I was expecting a much stronger phenotype, these results
suggest that these sHSPs contribute to plant thermotolerance, with the mutants
showing a mild heat-stress phenotype. Knocking out all mitochondria and chloroplast
localizing sHSPs and seeing a more pronounced effect on qko than the mtko, which
only has the mitochondria localizing sHSPs, was expected. The qko elongated ~18%
less than Col after heat treatment whereas the mtko grew ~13% less than Col after
heat treatment, though the difference between qko and mtko plants was not
significant. Additionally, the qko and mtko mutant plants did not grow significantly less
than the other genotypes that also grew less than Col after heat treatment.
It is also interesting to note that the observed growth difference between the
mtko, dko and hsp26.5m genotypes; the knockout of mitochondrial sHSPs seems to
have an additive effect, though the differences between them are not significant. The
sHSPs absent in the mtko genotype are a combination of the sHSPs in the dko and
mtko, and the mtko has the most reduced hypocotyl growth after heat stress.
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Additionally, there is no significant difference in hypocotyl growth after heat
stress between the hsp23.5 mutant and Col. This observation suggests that it is the
absence of HSP23.6 that contributes to the phenotype of the dko. It seems clear that
the lack of HSP23.6 contributes more to the dko phenotype since it shows a similar
degree of heat sensitivity, whereas the lack of HSP23.5 protein does not show
significant heat sensitivity.
More surprisingly, even though both the dko and HSP25.3p mutants
individually show some heat sensitivity, the combination of the two sHSP mutants,
ctko, does not show a significant decrease in hypocotyl growth after heat stress when
compared to Col. This unexpected result makes any potential relationship between
sHSPs more obscure.
These data indicate that there is a heat-sensitive phenotype associated with
the mitochondria localizing sHSPs: hsp23.5, hsp23.6 and hsp26.5m genes, but no
apparent heat-sensitive phenotype of hsp25.3p for seedlings grown and heat stressed
in the dark.
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Figure 17. Growth of hypocotyls of sHSP knockout mutants at room temperature
in the dark.
Most of the sHSP knockout mutants grow similarly to Col over 3 days in the dark, with
the exception of hsp25.3p, which appears to elongate faster than the other genotypes.
(A) Schematic of the protocol used to determine growth of hypocotyls over 6 days.
Seedlings were grown vertically in the dark at 22 ºC. After 3 days, the top of the
hypocotyls were marked, plates were returned to darkness and the length was
measured again 3 days later. (B) Results of the hypocotyl growth under no heat stress
conditions. The purple lines represent the mean growth. The red error bars represent
the standard deviation. The graph was created using GraphPad Prism 8. Statistics
were performed on GraphPad Prism 8 through a Brown-Forsythe and Welch ANOVA
test with multiple comparisons. Different letters correspond to statistically significant
groups.
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Figure 18. Hypocotyl elongation assay results.
The hypocotyl elongation assay indicates heat sensitivity for hsp23.6, dko, hsp26.5m,
mtko, hsp25.3p, and qko mutants. (A) Schematic of the protocol used for heat stress.
Plants were grown in the dark at 22 ºC for 3 d, acclimated at 38 ºC for 1.5 h, allowed
to recover at 22 ºC for 2 h, then subjected to heat stress at 45 ºC for a variable X (red)
h and marked before measuring the hypocotyl growth 3 days later. (B) Growth after
2.5 h heat stress. (C) Growth after 3 h heat stress. The purple lines represent the
mean % growth after heat treatment. The red error bars represent the standard
deviation. The graph was created using GraphPad Prism 8. Statistics were performed
on GraphPad Prism 8 through a Brown-Forsythe and Welch ANOVA test with multiple
comparisons. Different letters correspond to statistically significant groups. The assay
was replicated 3 times and data sets pooled together; n = 214, 204, 73, 36, 86, 62,
102, 47, 92, 67 seedlings for Col, hot1-3, hsp23.5, hsp23.6, dko, hsp26.5m, mtko,
hsp25.3p, ctko, qko genotypes respectively.

59

3.8 Heat stress tolerance of light grown seedlings
sHSPs, especially HSP25.3p, have been proposed to interact with the
photosystems in chloroplasts (Neta-Sharir et al., 2005). To investigate the effects of
the sHSP knockouts in the presence of light, a light grown seedling assay described
by Kim et al. (2017) was modified. Optimal parameters for this experiment were
determined by varying different conditions in order to improve consistency in the
results, such as using 25 mL of MS media instead of 10 mL and wrapping plates in
gas permeable tape instead of parafilm. The main difference that helped control for
the variability between plates was allowing the plants to grow in the light, but heat
stressing them in the dark.
10-day old seedlings grown on plates were subjected to stress at 45 ºC for
different lengths of time either with or without acclimation heat treatment. Preliminary
data showed that all the genotypes were able to recover from a 45 ºC, 60 min heat
stress without acclimation. However, if plants were subject to 45 ºC for 75 min, there
was a decline in thermotolerance of only the hsp25.3p knockout mutant, as more
hsp25.3p seedlings exhibit a bleached phenotype indicating that the plants have not
survived (Figure 19). It would be expected though, that the ctko and qko, which also
carry the hsp25.3p mutant allele, should the show the same degree of sensitivity to
heat as the single hsp25.3p mutant, and this is not clear in this assay.
Heat stress assays with light grown seedlings that had been heat acclimated
were also conducted, but the results were highly variable and no consistent phenotype
was observed (Supplemental Figure 1).
In summary, sensitivity to heat stress of light grown seedlings without
acclimation seems to affect mutants that lack hsp25.3p, a chloroplast localizing sHSP,
the most.
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Figure 19. Heat stress assay of light grown seedlings.
The hsp25.3p knockout mutants showed some sensitivity to acute heat stress in the
light when not heat acclimated. (A) Schematic of the protocol used for heat stress.
Plants were grown in the light for 10 days, heat stressed in the dark for a variable X
(red) min at 45 ºC, and then photographed after 7 days recovery at room temperature
in the light. The light schedule is also displayed underneath the schematic, where
white represents placement in the light and black represents placement in the dark.
(B) Results of 60 min of heat stress. (C) Results of 75 min of heat stress.
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3.9 sHSP mutants show arsenic sensitivity
Ideas about sHSP involvement in heavy metal stresses comes from studies on
the Medicago sativa (alfalfa) mitochondrial sHSP, MsHSP23 (Lee et al., 2012). The
MsHSP23 chaperone protein shares approximately 60% sequence similarity with
AtHSP23.6-MTI/C. This research group showed that overexpression lines of
MsHSP23 in tobacco had enhanced salinity and arsenic tolerance. These data led me
to hypothesize that the absence of homologous AtHSP23.6, would decrease the
survival of hsp23.6 mutant plants when exposed to high levels of arsenic compared to
Col. Arsenic toxicity in plants has been shown to lead to morphological changes like
reduction in leaf number, chlorosis, necrosis leaf senescence, as well as physiological
defects like reduction in shoot and root growth, restricted stomatal conductance and
nutrient uptake, and chlorophyll degradation. Another effect is the overproduction of
reactive oxygen species (ROS), leading to carbohydrate damage, reduction in protein
content, DNA damage, and lipid peroxidation (Abbas et al., 2018). Sodium arsenate,
Na2HasO4, was used as the arsenic compound for treatment, because once
transported into plant cells, Na2HasO4 will exert its affects through both AsO43(arsenate, As(V)) and AsO33- (arsenite, As(III)) oxidation states (Abbas et al., 2018).
Arsenite is considered more toxic because it inhibits respiration by binding to adjacent
thiols in pyruvate dehydrogenase and 2-oxo-glutarate dehydrogenase (Tiwari & Lata,
2018). Assays that determined tolerance of sHSP mutants to arsenic, salt, and various
heavy metal stressors are summarized in Table 1.
To test arsenic sensitivity of the sHSP mutants, seedlings were germinated and
grown on media that contained Na2HasO4. Despite some variability between plates of
the same conditions, certain sHSP knockout mutant seedlings show more sensitivity
to arsenic treatment than Col (Table 1, Supplemental Figure 2). Plants lacking the
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mitochondrial localizing sHSPs appear most affected by arsenic, as shown by a
decrease in survival when grown on media containing arsenic. The higher order
knockout mutants mtko and qko were more resistant to the lower concentrations of
arsenic (50 and 150 μM) than the other mutants that also showed some sensitivity
(Supplemental Figure 2). These results suggest that arsenic toxicity in plants might
manifest through mechanisms associated with the mitochondria, and also that
mitochondrial sHSPs might be involved in maintaining homeostasis in the presence of
arsenic. Interestingly, the only sHSP mutant that does not show a phenotype are those
that have hsp25.3p knocked out; these seedlings show no sensitivity to arsenic
treatment even at 250 μM Na2HasO4.

3.10 Salt stress sensitivity of light grown seedlings
Not much is known about the relationship of sHSPs to salt stress in A. thaliana,
but overexpression of a mitochondrial sHSP in tobacco enhanced survival (Lee et al.,
2012). Assays to determine possible salinity stress phenotypes of sHSP knockout
mutants were conducted on light grown seedlings (Table 1, Supplemental Figure 3).
The HSP25.3p knockout mutant plants were the most sensitive to salt stress,
struggling to grow in 100 mM NaCl supplemented media. In 250 mM NaCl, only a few
seeds with this genotype germinated. I also observed that mutants that were deficient
in both HSP23.5 and HSP23.6 struggled (dko, ctko and mtko) in comparison to Col;
the qko was an exception. This is a similar phenomenon discussed earlier in which
genotypes with either mitochondrial sHSPs or chloroplast sHSPs knocked out show a
mild phenotype, but the combination of the gene knockouts appears to partially rescue
the phenotype. The qko mutant was observed to grow just as well as Col in the
presence of high salt.
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3.11 Sensitivity to other heavy metal stresses of light grown seedlings
Light grown seedlings were also used to measure the effects of other heavy
metals including cadmium, cobalt, copper, nickel, and zinc (Table 1).
Cadmium has been observed to severely alter the activity of several enzymes
including those involved in the Calvin cycle, carbohydrate and phosphorus
metabolism, and carbon dioxide fixation, even when plants are exposed to low
concentrations (Tiwari & Lata, 2018). Previous studies of the effects of cadmium stress
on plants observed stunted growth and chlorosis. At 100 μM CdCl2 many of the sHSP
knockout mutants struggled to grow (dko, hsp25.3p, hsp26.5m, ctko, mtko), more than
Col (Supplemental Figure 4). In the presence of cadmium, again the combination of
sHSP knockouts in both the mitochondria and chloroplast in the qko, seems to provide
some mechanism of stress resistance. qko plants appear to grow better than any other
genotype when observed by eye. In the presence of 200 μM CdCl2, the qko mutant is
essentially the only genotype that consistently produced expanded cotyledons. Aside
from some qko plants and 1 out of 30 seeds from Col and hot1-3 plants, none grew
substantially following germination (Supplemental Figure 4).
In assays conducted with cobalt, copper, nickel, and zinc, all the genotypes
grew indistinguishably well. With the exception of cobalt, these heavy metals are
considered micronutrients that are essential in appropriate concentrations for plant
life. If the concentrations of these cations rise above optimal levels, reactive oxygen
species are induced among other stress responses that cause cellular damage
(Emamverdian et al, 2015). I expect that the concentrations of the heavy metals used
were not high enough to be detrimental to plant growth.
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Table 1. Summary of heavy metal and salt stress assays of light grown
seedlings.
Seedlings were grown in the light for 21 days on media with either a heavy metal
(arsenic, cadmium, cobalt, copper, nickel, or zinc) or high salt after which a plates
were photographed (Supplemental figures 1 to 5). “++” indicates plants are sensitive;
“+” indicates slightly sensitive; “-” indicates not sensitive. “G” indicates that all seeds
germinated; “sg” indicates some germinated; “ng” indicates none germinated.
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3.12 Confirming the localization of the organelle sHSPs
The genes for HSP23.5-MTI/CP, HSP23.6-MTI/CP, HSP25.3-CP, and
HSP26.5-MTII are all encoded in the nuclear genome, and therefore must be targeted
to their respective organelles. The alignment of all sHSPs from A. thaliana revealed
that many of the organelle-targeting signals are, as expected, at the N-terminus of the
polypeptide (Figure 2). Although HSP23.5-MTI/CP and HSP23.6-MTI/CP have
previously been reported to dual localize to chloroplast and mitochondria (Van Aken
et al., 2009), the evidence was not unequivocal. Therefore, I analyzed the each of the
organelle sHSPs using programs that predict subcellular localization and designed
sHSP-GFP fusions as an approach to verify the sHSPs subcellular localization in vivo.

3.13 Analyzing sHSP sequences to determine presence of a presequence or
transit peptide
The mitochondria-targeted sHSPs are expected to utilize the general
mitochondrial import machinery since they contain a presequence (Figure 2)
(Chacinska et al., 2009). The mitochondrial import process requires ATP-dependent
chaperones to keep the sHSP precursor in an unfolded state until the chaperonesHSP complex interacts with the TOM complex (Translocase of the mitochondrial
Outer Membrane) located on the mitochondrial outer membrane. The TOM20 subunit
recognizes the positively charged amphipathic alpha helical structure the
presequences adopt when interacting with the membrane protein. The immature
mitochondrial protein is then transferred from TOM20 to TOM22 and then through the
TOM40 pore into the intermembrane space. Tiny TIMs (Translocase of the Inner
Membrane) guide the protein to TIM23 where it will be translocated into the matrix.
Once inside the matrix, a mitochondrial processing peptidase (MPP) recognizes and
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cleaves the presequence, which will allow for proper folding and subsequent
chaperone function (Chacinska et al., 2009). HSP23.5-MTI/CP and HSP23.6-MTI/CP
are expected to follow this import mechanism. HSP26.5-MTII is also expected to follow
this mechanism, but would require additional processing by the intermediate cleaving
peptidase (ICP55) after MPP cleavage to remove the destabilizing N-terminal
methionine residue as a result of MPP processing (Vögtle et al., 2009).
The chloroplast-targeted sHSPs are expected to use general chloroplast import
machinery. ATP-dependent molecular chaperones help bring proteins that contain a
transit peptide to the chloroplast where the chaperone-sHSP complex interacts with
either TOC159/TOC34 or TOC64 (Translocon on the Outer Chloroplast membrane)
which then channels the precursor protein through the TOC75 channel into the
intermembrane space. TIC22 (Translocon on the Inner Chloroplast membrane) will
help transport the precursor to the TIC110 channel that leads into the stroma. Once in
the stroma, the precursor sHSP will be processed by the stromal processing peptidase
(SPP) and then fold into the mature sHSP. The chloroplast-targeting sequences are
somewhat similar to sequences that target proteins to the mitochondria as both
contain a net positive charge. Some differences include that chloroplast transit
peptides do not adopt any secondary structure and they are also rich in hydroxylated
residues (Sjuts et al., 2017).
For sHSPs to use the organellar import machineries, a presequence or motif
that can bind to the recognition complexes on the outer organelle membrane is
required. Analysis of the N-terminal regions of the sHSPs using different subcellular
localization prediction tools including Mitofates, TargetP-2.0, and ChloroP 1.1, can be
seen in Table 2. For the A. thaliana sHSPs that are expected to localize in the
mitochondria, HSP23.5-MTI/CP, HSP23.6-MTI/CP, and HSP26.5-MTII, are predicted
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by multiple tools to contain a presequence and localize in the mitochondrial matrix
after processing by MPP (Fukasawa et al., 2015; Almagro Armenteros et al., 2019;
Emanuelsson et al., 1999). HSP26.5-MTII is predicted to require additional processing
by ICP55 (Figure 18, Supplemental Figure 8). These three sHSPs have
presequences that all contain the R-2 motif, where there is a conserved arginine
residue in the -2 position from the cleavage site that is recognized by MPP (Gakh et
al., 2002). Also common is a phenylalanine or another bulky hydrophobic residue at
+1 from the cleavage site, which is seen in the presequences for HSP23.5-MTI/CP
and HSP23.6-MTI/CP. These predictions are strong evidence that HSP23.5-MTI/CP,
HSP23.6-MTI/CP, and HSP26.5-MTII are mitochondria-localizing sHSPs.
Chloroplast targeting signals are not as conserved as those that target proteins
to the mitochondria, which makes it more difficult to predict proteins that are targeted
to chloroplasts based on protein sequence alone. HSP25.3-CP has been known to
localize in the chloroplast and the prediction tools reliably indicate that this sHSP is
found in chloroplasts and not in mitochondria (Table 2). HSP25.3-CP contains -3V
and -1A before the cleavage site, which follows the (V/I)-X-(A/C) motif in the transit
peptide that is loosely conserved and is recognized by SPP for cleavage (Teixeira and
Glaser, 2013). ChloroP 1.1 predicts chloroplast localization for HSP23.5-MTI/CP and
HSP23.6-MTI/CP, though with a lower score and transit peptide lengths that are quite
different from those predicted for HSP25.3-CP. On the other hand, TargetP-2.0
predicts HSP23.5-MTI/CP and HSP23.6-MTI/CP to be in chloroplasts with low
likelihood. This discrepancy between different prediction tools means that
experimental data are required to determine the localization of these sHSPs,
specifically HSP23.5-MTI/CP and HSP23.6-MTI/CP in the cell.
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Prediction
Program
MitoFates

TargetP-2.0

Feature

HSP23.5
(AT5G51440)

HSP23.6
(AT4G25200)

HSP25.3p
(AT4G27670)

HSP26.5m
(AT1G52560)

TS probability

99.9%

99.9%

0.000

Cleavage Site (Enzyme)

36 (MPP)

31 (MPP)

---

98.0%
41 (MPP),
42 (ICP55)

TS probability

98.7%

99.8%

0.0000

99.3%

Cleavage Site

37-38

32-33

---

42-43

TS probability

1.3%

0.2%

99.7%

0.1%

Cleavage Site

---

---

44-45

---

Yes
(0.531)
14

Yes
(0.524)
33

Yes
(0.571)
43

No
(0.494)
42

Chloroplast localization
(Score)
ChloroP 1.1
Cleavage Site

Table 2. Summary of sHSP localization and cleavage site predication by
subcellular localization tools.
Results are from MitoFates (Fukasawa et al., 2015), TargetP-2.0 (Armenteros et al.,
2019), and ChloroP 1.1 (Emanuelsson et al., 1999) tools used to predict sHSP
localization. MitoFates predicts only mitochondria localization. TargetP-2.0 predicts
either mitochondria or chloroplast localization. ChloroP1.1 predicts only chloroplast
localization. ChloroP 1.1 provides a score (not a probability) based on its prediction
algorithm; the higher the score, the more likely the protein is predicted to be found in
the chloroplast. Note: ChloroP1.1 predicts a cleavage site regardless of whether or
not the protein is predicted to localize to the chloroplast. The cleavage site number
indicates the residue position after which the targeting peptide is cleaved or if there
are two numbers, cleavage occurs between those residues. Enzymes: MPP
(mitochondrial processing peptidase), ICP55 (intermediate processing peptidase).
Yellow highlighted cells indicate evidence for mitochondria localization and green
highlighted cells indicate evidence for chloroplast localization. TS probability refers to
the probability of the peptide sequence having an N-terminal targeting sequence.
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3.14 Confirming subcellular localization of sHSPs by creating sHSP-GFP
fusions
To determine the localization of the sHSPs in A. thaliana cells, I created sHSPGFP fusions to be tested in stably transformed plants. In combination with different
organellar markers that fluoresce at a wavelength that differs from that of GFP,
localization in the cell can be determined. Constructs created for each sHSP utilize its
native promotor (several hundred base pairs upstream of the sHSP start codon) so
that the sHSPs can be visualized during both normal and stress conditions. The GFP
is attached to the C-terminal end of the sHSP, which is predicted to be solvent
accessible and located on the outside of oligomeric native sHSP based on known
sHSP structures. A list of the different fusions are shown in Table 3. Each construct
was transformed into both Col plants, a background that still retains these specific
organellar sHSPs, and qko plants, a background that lacks these organellar sHSPs.
T2 A. thaliana seeds from each T1 plant have been obtained and are ready to select
on hygromycin for plants that have only a single copy of the sHSP-GFP fusion
construct. T2 seedlings that exhibit 3:1 seedling survival ratio on media with
hygromycin would mean there is only one copy of the construct. The surviving
seedlings would be homozygous or heterozygous for the construct. T3 seedlings must
be examined to determine which T2 lines do not segregate for sHSP-GFP fusion and
are therefore homozygous for the fusion gene. Obtaining confocal microscope images
is the next step to confirm the localization of the mitochondria and chloroplast
localizing sHSPs.
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Construct

Promoter

Gene

pPP5

-515 bp

HSP23.5-GFP

pPP6

-1141 bp

HSP23.6-GFP

pPP7

-1225 bp

HSP25.3p-GFP

pPP8

-2854 bp

HSP26.5m-GFP

Background
Col
qko
Col
qko
Col
qko
Col
qko

T2 Independent
Lines
10
~10
12
13
12
~10
~10
~10

Table 3. sHSP-GFP fusions to visualize the localization of sHSPs that are
expected to be in the chloroplast or mitochondria.
List of the sHSP-GFP fusions that have been cloned and transformed into Col and qko
plants. The promoter column indicates how many base pairs upstream of the sHSP
start codon was cloned into the construct.
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CHAPTER 4
DISCUSSION

4.1 Overview
These studies provide insight into possible sHSP functions. The qko mutant
was isolated and determined to be viable, suggesting sHSPs might not be required for
development under normal growth conditions. In the presence of stress, certain
mutants were more sensitive and exhibited growth that differed from wild-type A.
thaliana plants. Subcellular localization prediction programs support localization of
HSP25.3 and HSP26.5 to the chloroplast and mitochondria, respectively, and indicate
HSP23.5 and HSP23.6 localize to mitochondria, but possibly also to chloroplasts. To
confirm localization of the sHSPs, sHSP-GFP fusion constructs for the four sHSPs
has been created, and transformed plant lines that are homozygous for the sHSPGFP fusion are still in the process of being selected.

4.2 Chloroplast and mitochondrial sHSPs are dispensable for growth under
optimal conditions
sHSPs are thought to help protect a variety of cellular functions that contribute
to increased stress tolerance. However, in addition, many sHSPs are expressed
during specific developmental stages, as seen from the presence of organelle sHSP
mRNAs in floral parts and seeds (Figure 5-8). The first surprising result of the work
reported here, is that when genes for all mitochondrial and chloroplast-localized
sHSPs are knocked out in A. thaliana the mutant plants are viable and show no
obvious phenotypic differences from Col under normal growth conditions (Figure 10).
Immunoblotting confirmed that the A. thaliana mutants for three of the organelle
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sHSPs do not express the corresponding mutant proteins at room temperature or
during heat stress (Figure 12-14). The antibody generated against HSP23.6 detected
the protein in heat stressed protein samples in all genotypes that retained the gene
and did not detect protein in samples from the knockout samples. The HSP23.6
antibody is protein specific as it discriminates between HSP23.5 and HSP23.6 despite
the high similarity of the two proteins, only binding to the latter sHSP, as evidenced by
the lack of signal in single mutants of HSP23.6 that still retain HSP23.5 (Figure 12
and 15). No HSP25.3p was detected in the knockouts as expected, although strong
signal was obtained in heat stressed plants that retained the gene. The antibody
against HSP26.5m detected the sHSP in heat stressed plant samples, but also
reacted with another constitutively expressed peptide of similar molecular weight. The
identity of this cross-reacting band is unknown, but it is not detected when samples of
purified mitochondria are tested (Vierling, personal communication). Antibodies
generated against a peptide specific for HSP23.5 by the company Agrisera did not
show any reactivity to control or heat stressed plant samples, so it was not possible to
confirm that the hsp23.5 mutant is a null allele. However, the location of the T-DNA
insertion in the first exon strongly argues that this mutant is also a null allele.
Therefore, I conclude that the QKO mutant does not express any of these sHSPs and
the phenotypes observed represent those of plants null for all of these proteins
It would be useful to obtain specific HSP23.5 antisera in order to have a
complete set of antibodies against these sHSPs, and to further confirm absence of
HSP23.5. The next step to achieve this would be to use a different peptide as antigen
than was used previously.
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4.3 Hypocotyl elongation assays indicate a heat sensitive phenotype for
mitochondrial sHSP knockout mutants
The qko mutant has no sHSPs localized in mitochondria or chloroplasts, which
are the main sites for energy production in the plant. Although the sHSPs are not
detectable at room temperature growth conditions, I expected the lack of sHSPs in
these organelles during heat stress conditions would be detrimental to plants. The
results of the hypocotyl elongation assay confirm that there is a heat-sensitive
phenotype of the hsp23.6, dko, hsp26.5m, mtko, hsp25.3p, and qko knockout mutants.
The growth of the qko hypocotyls after heat stress seems to be reduced by the
greatest amount (~18% shorter compared to Col after 3 hours of heat stress), though
the difference between qko hypocotyl growth after heat treatment was not significantly
lower than the other sHSP mutants that also grew significantly less than Col after heat
treatment (Figure 18). It was clear that knocking out another sHSP (from mtko that
lacks hsp23.5, hsp23.6, and hsp26.5m, to the qko that has the additional hsp25.3p
knocked out) decreased the thermotolerance of seedlings further. The heat sensitivity
of the sHSP knockout mutants was not to the same degree as the hot1-3 mutant,
which grew ~53% shorter compared to Col after 3 hours of heat stress. The data
collected in hypocotyl elongation assay was highly variable, as shown by the large
spread of data points for each genotype in Figure 18. Perhaps the variability seen
comes from the brief period of time that the seedlings are exposed to light during the
assay. One way to possibly better control parameters in this assay would may be to
individually wrap plates in aluminum foil and keep them wrapped throughout the entire
assay until they need to be marked, instead of wrapping all the plates together,
unwrapping them before the heat stress in the dark, and only re-wrapping them after
heat stress.
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4.4 Assays of light grown seedlings reveal heat sensitivity of the hsp25.3p
knockout mutant
Because HSP25.3p had been previously shown to interact with photosystem II
in the chloroplast (Heckathorn et al., 1998), I thought that the hsp25.3p mutant might
show sensitivity to heat stress when grown in the light. Absence of a heat stress
phenotype in the hypocotyl assay might reflect a minimal role of chloroplasts in dark
grown plants. Additionally, I expected the chloroplast-localized sHSP knockout
mutants to be more affected by heat stress in the light than heat stress in the dark,
since stressing photosynthetic tissue might be expected to produce more damaging
reactive oxygen species (Sharma et al., 2012). When seedlings grown in the light
underwent acute heat stress in the dark, the hsp25.3p knockout mutant had decreased
survival compared to the other genotypes (Figure 19). The ctko, which has hsp23.5
and hsp23.6 knocked out in addition to hsp25.3p, seemed to have better tolerance to
the heat stress than with the chloroplast localizing hsp25.3p knockout alone. This
surprising result might be due to two different mechanisms that handle heat stress in
plants; when HSP25.3p is absent, the plant cells struggle to survive heat stress,
however the absence of HSP23.5 and HSP23.6 might lead to a different compensation
response that somehow enhances heat tolerance.
Other heat stress assays in the light had uninterpretable results due to
excessive variation, even between the same genotype. Some of these stress assays
included growing seedlings in light on media lacking sucrose, heat stressing seeds
immediately after stratification and then allow seedlings to grow in the light, and heat
stressing seeds immediately after they germinated in the light. Heat stress assays
were also attempted on soil grown seedlings under high humidity, however there were
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many limitations to the study. Water distribution was one of the main issues to control
as some of the pots containing the plants were drier than others as evident by the soil
color and texture. Some plants were also discolored and turning purple, while other
plants of the same genotype were green and seemed normal (data not shown). No
conclusions could be drawn from these various of assays.

4.5 Further immunoblot analysis suggest potential sHSP compensation by other
sHSPs/HSPs
It was surprising to find that the sHSP knockout mutants had limited heat stress
phenotypes especially because expression of the sHSPs dramatically increases when
the temperature is elevated (Figure 5-8, 12-14). I expected heat stress to have a
greater effect on the mutant plants, especially those that lacked the four sHSPs.
Immunoblot

analysis

also

provided

preliminary

evidence

for

sHSP

compensation, in which an sHSP has increased expression to compensate for an
sHSP that is knocked out. When testing samples with α-HSP26.5m, the hsp23.6
knockout mutant had higher levels of HSP26.5m (Figure 14A). The opposite was also
true; HSP23.6 levels were higher in the hsp26.5m single knockout mutant (Figure 12
and 15). The next step would be to conduct semi-quantitative immunoblots to compare
different amounts of wild-type protein against proteins from a sample of an sHSP
knockout to determine the relative amounts of different sHSPs. Alternatively, to obtain
absolute levels of sHSPs expressed after heat treatment, sHSPs could be expressed
and purified. Protein samples from different genotypes could then be compared to
standards with known amounts of sHSP protein.
Because sHSPs are not the only molecular chaperones that assist in
maintaining proteins in a folded or folding-competent state, I wanted to observe
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whether the ATP-dependent HSPs that work in concert with the sHSPs (Figure 4)
accumulate to higher levels when sHSPs are absent. Using an antibody specific to
mitochondrial HSP70, immunoblots showed that mtHSP70 also seemed to be
elevated in seedlings of some genotypes that lacked sHSPs, for example the qko
mutant, which exhibited a stronger mtHSP70 signal when compared to Col (Figure
16). This result suggests that plant cells might compensate for the lack of organellar
sHSPs by upregulating ATP-dependent HSPs. It would be of interest to determine
levels of other HSPs, including cpHSP70 (chloroplast localized HSP70), cpHSP101,
and mtHSP101, that may also be involved in protecting organelles from elevated
temperature when sHSPs are absent.

4.6 Arsenic stress is detrimental to plants that lack mitochondrial sHSPs
Arsenic is a heavy metal that affects certain enzymes that carry out the citric
acid cycle in mitochondria and influences cell metabolism and energy levels (Tiwari &
Lata, 2018). When the plants were exposed to arsenic, the hsp26.5m, dko, mtko, ctko,
and qko were the genotypes most affected (Table 1, Supplemental Figure 2). All of
these genotypes lacked some or all mitochondrial sHSPs, and I assume sensitivity of
the ctko was due to the lack of HSP23.5 and HSP23.6 since the chloroplast hsp25.3p
single knockout was essentially resistant. sHSPs might be involved in protecting cells
from excess heavy metals that disturb protein homeostasis. These assays suggest
that chaperone proteins are arsenic-induced, which can be tested by further
experimentation. Samples of seedlings grown on media that contains arsenic can be
isolated and immunoblotted to determine whether sHSPs accumulate compared to
seedlings on arsenic-free media. Furthermore, more quantitative experiments could
be performed, such as measuring hypocotyl elongation on plates that contain arsenic
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or germinating the seeds in the absence of arsenic and then transferring them into
media containing arsenic to observe how the seedlings grow.

4.7 hsp25.3p knockout mutant plants struggled to grow in high salt conditions
Salt stress has been observed to affect survival rates in Medicago sativa with
altered sHSP expression (Lee et al., 2012). I observed that the hsp25.3p mutant plants
were very sensitive to salinity stress and struggled to grow on 100 mM NaCl or even
to germinate on 250 mM NaCl (Table 1, Supplemental Figure 3). The dko, ctko, and
mtko genotype plants also struggled to grow, but were less sensitive than hsp25.3p
plants. Surprisingly, the qko, which is a combination of the mtko and hsp25.3p
genotypes, grew as well as Col under salt stress conditions. These results are similar
to observations from the heat stress assays of light grown seedlings; when HSP25.3p
is absent the plants struggle to survive in stressful conditions, while with the additional
absence of HSP23.5, HSP23.6, and HSP26.5m in the qko enhances stress tolerance.
Absence of all of these sHSPs appears to lead to a different response that somehow
increases stress tolerance. In future experiments, it would be interesting to see if
sHSPs are salt-induced, although available microarray data shows suggests this is
not the case, at least as experiments were performed for data represented in the
database (Figure 5-8).

4.8 The qko mutant was more resistant to cadmium stress than Col
Cadmium is a phytotoxic heavy metal that is expected to affect a variety of
mechanisms involved in plant metabolism and photosynthesis (Tiwari & Lata, 2018).
In the presence of cadmium, all of the sHSP knockout mutant seedlings, with the
exception of qko seedlings, did not grow well (Table 1, Supplemental Figure 4). qko
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plants grew even better than Col in media containing cadmium. Again, it is unclear
why the qko exhibits enhanced tolerance, but once all mitochondria and chloroplast
sHSPs are absent, a different stress response pathway could be activated to enhance
cell survivability. A first experiment would be to test whether these sHSPs accumulate
in seedlings grown on cadmium.

4.9 Other heavy metal stress assays require optimization
In the assays that tested cobalt, copper, nickel, and zinc stress on the different
plant genotypes, all genotypes grew well; they were no different than plants grown on
normal MS media. Moving forward, it would be beneficial to test higher concentrations
of these heavy metals to determine the levels required to show toxicity to A. thaliana.

4.10 Other assays of interest
Although heat stress, salt, and heavy metal stresses have been tried and yield
limited phenotypes, other assays, like UV-B stress or observing seed germination,
might be useful because sHSPs are elevated in more conditions than examined in this
study (Figure 5-8). Two experiments I wanted to try, but was not able to determine
the proper control conditions, was to heat stress plants on soil, and furthermore, heat
stress plants when they were flowering. For heat stressing plants on soil, I considered
controlling for amount of soil, but overlooked the amount of water that was given to
each plant pot and the position of the plant in the growth chamber, and I did not collect
data for this experiment. I realized heat stressing plants when they were flowering was
non-trivial. The issue is there always some variability in the time A. thaliana plants bolt
or produce flowers and siliques and that they produce multiple of these reproductive
structures.
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4.11 Dual organelle localization of HSP23.5 and HSP23.6 remain to be confirmed
Previous microscope images of HSP23.5 and HSP23.6 are not convincing that
these proteins are targeted to both mitochondria and chloroplasts; especially because
HSP23.6-GFP showed no co-localization with the SSU-RFP chloroplast marker (Van
Aken et al., 2009). Most nuclear proteins that are trafficked into the mitochondria or
the chloroplast have targeting sequences at their N-terminus that interact with
organelle import machinery. Presence of a presequence or transit peptide was
determined using subcellular localization prediction tools for HSP23.5, HSP23.6,
HSP25.3p, and HSP26.5m (Table 2). From previous results and targeting sequence
analysis, it is very clear that HSP25.3p localizes exclusively to the chloroplast and
HSP26.5m localizes exclusively to the mitochondria (Chen & Vierling, 1991; Liu &
Vierling, personal communication, 2020). The localization of HSP23.5 and HSP23.6
is less clear from prediction analysis, as some programs predict they go to the
chloroplast, whereas others predict that chloroplast localization is unlikely. In addition,
proteomics data collected from isolated heat stressed mitochondria, demonstrate that
HSP26.5m, HSP23.5 and HSP23.6 are found in the mitochondria (Liu & Vierling,
personal communication, 2020). Other than predictions from the ChloroP 1.1 tool,
there is no other evidence predicting chloroplast localization for HSP23.5 and
HSP23.6. Thus, it appears likely that HSP23.5 and HSP23.6 are targeted only to
mitochondria. Furthermore, recent experiments and data from proteomics studies of
heat stressed chloroplasts only show the presence of HSP25.3p; no other proteins
from the sHSP family were identified, providing further evidence that HSP23.5 and
HSP23.6 might be found solely in mitochondria (Paul et al., 2020). To confirm where
HSP23.5 and HSP23.6 localize only in the mitochondria, we require evidence from
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microscope images of sHSP-GFP fusions or biochemical data. Currently, we are
screening plates on hygromycin with T2 seeds to find lines with a 3:1 survival ratio that
signifies they carry only one copy of the sHSP-GFP fusion construct. One caveat of
this experiment is that proper import into the organelle might be impaired.

4.12 Conclusions and future directions
The focus of this study was four organelle localizing sHSPs in A. thaliana:
HSP23.5-MTI/CP, HSP23.6-MTI/CP, HSP25.3-CP, and HSP26.5-MTII. I determined
that these chaperone proteins are dispensable for normal plant development and
reproduction, as qko plants are viable, make seeds, and are essentially similar to wildtype A. thaliana plants under optimal growth conditions. Because these chaperones
are heat-induced, I conducted various heat stress assays on sHSP knockout seedlings
and observed a mild heat sensitive phenotype for the qko that was more severe than
mutants that retained one or more of the sHSPs. I expected that sHSP knockout
mutants would show reduced tolerance to heat, especially mutants that have multiple
sHSP genes knocked out.
Further work on this project entails generating complementation lines that can
rescue the phenotype once a phenotype is determined for the sHSPs. Additionally,
knockouts that lacked mitochondrial sHSP genes struggled to grow in the presence of
arsenic stress, suggesting these sHSP function in protecting cells during heavy metal
stress. Furthermore, under salt or cadmium stress, most of the sHSP knockouts show
sensitivity, while the qko was similar or even more resistant to stress conditions than
Col in both assays possibly due to a different stress response mechanism activated in
the absence of all four organelle sHSP. Another issue to consider is possible genetic
background effects that cause unexpected phenotypic differences between some of
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the dko, ctko, mtko and qko lines. The Hsp25.3 allele came from a tilling line in the Ler
A. thaliana background. Carry over of different Ler alleles in the different lines with the
Hsp25.3 mutation may be impacting the phenotypes observed.
I also questioned whether these sHSPs localize to the mitochondria,
chloroplasts, or both. With current subcellular localization prediction tools and the data
available from previous experiments, I believe that HSP25.3p localizes only to the
chloroplast and HSP23.5, HSP23.6, and HSP26.5, localize only to the mitochondria.
Further experiments to create sHSP-GFP fusions are in progress as an approach to
confirm localization of these sHSP. Another approach that can be used to confirm the
localization of these may include obtaining proteomic data of isolated heat stressed
mitochondria (Liu & Vierling, personal communication) and isolated heat stressed
chloroplasts and analyzing whether sHSPs are detected in both organelles. These
experiments would also provide data on the total proteome of the organelles, which
could provide further insight into potential mechanisms that are compensating for the
lack of these sHSPs.
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CHAPTER 5
SUPPLEMENTAL TABLES AND FIGURES

Name
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #1
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #2
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #3
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #4
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #5
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #6
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #7
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #8
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #9
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #10
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #11
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #12
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #13
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #14
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #15
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #16
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #17
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #18
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #19
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #20
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #21
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #22
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #23
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #24
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #25
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #26
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #27
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #28
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #29
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #30
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #31
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #32
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #33
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #34
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #35
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #36
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #37
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #38
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #39
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #40
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #41
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #42
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #43
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #44
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #45
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #46
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #47
cTKO (141_98_6) x mTKO (F3_34_1M) F2 #48

26.5
hom
het
hom
het
het
het
het
wt
het
hom
het
het
hom
wt
het
hom
het
het
hom
het
het
het
?
hom
?
het
hom
het
hom
hom
wt
het
het
hom
het
het
wt
wt
het
wt
het
het
hom
het
het
wt
het
het

25.3
?
wt
het
het
wt
het
hom
het
het
wt
het
het
wt
-

Name
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #1
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #2
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #3
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #4
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #5
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #6
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #7
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #8
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #9
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #10
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #11
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #12
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #13
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #14
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #15
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #16
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #17
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #18
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #19
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #20
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #21
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #22
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #23
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #24
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #25
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #26
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #27
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #28
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #29
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #30
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #31
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #32
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #33
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #34
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #35
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #36
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #37
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #38
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #39
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #40
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #41
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #42
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #43
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #44
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #45
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #46
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #47
mTKO (F3_34_1M) x cTKO (141_98_6) F2 #48

26.5
hom
?
?
het
het
het
het
het
?
hom
hom
het
hom
het
het
het
?
hom
hom
hom
hom
hom
hom
het
hom
?
het
hom
hom
?
het
het
hom
?
?
hom
hom
hom
hom
hom
het
het
hom
hom
hom
hom
hom
?

25.3
hom
het
het
wt
wt
het
het
het
het
het
wt
het
het
-

Supplemental Table 1. Summary of genotyping results of F2 plants from the
cross of: ctko (141_98_6) and mtko (F3_34_1M).
The genetic cross was conducted in both directions. Some data points are missing
because the only plants that were genotyped for hsp25.3p were those shown to be
homozygous for hsp26.5m. The rationale behind genotyping with PCR is essentially
the same as described in Fig. 10C and 10D. “?” indicate that there was no observable
band for PCR results and the genotype was not determined. “-” indicates PCR
reactions were not tried since hsp26.5m genotype was not homozygous. Red
highlighted cells indicate the seedlings that were homozygous for both hsp25.3p and
hsp26.5m and were analyzed for the next generation (F3) of seedlings.
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Name
cTKO (141_98_6) x mTKO (F3_34_1M) F3 #19.01
cTKO (141_98_6) x mTKO (F3_34_1M) F3 #19.02
cTKO (141_98_6) x mTKO (F3_34_1M) F3 #19.03
cTKO (141_98_6) x mTKO (F3_34_1M) F3 #19.04
cTKO (141_98_6) x mTKO (F3_34_1M) F3 #19.05
cTKO (141_98_6) x mTKO (F3_34_1M) F3 #19.06
cTKO (141_98_6) x mTKO (F3_34_1M) F3 #19.07
cTKO (141_98_6) x mTKO (F3_34_1M) F3 #19.08
cTKO (141_98_6) x mTKO (F3_34_1M) F3 #19.09
cTKO (141_98_6) x mTKO (F3_34_1M) F3 #19.10
cTKO (141_98_6) x mTKO (F3_34_1M) F3 #19.11
cTKO (141_98_6) x mTKO (F3_34_1M) F3 #19.12
mTKO (F3_34_1M) x cTKO (141_98_6) F3 #1.01
mTKO (F3_34_1M) x cTKO (141_98_6) F3 #1.02
mTKO (F3_34_1M) x cTKO (141_98_6) F3 #1.03
mTKO (F3_34_1M) x cTKO (141_98_6) F3 #1.04
mTKO (F3_34_1M) x cTKO (141_98_6) F3 #1.05
mTKO (F3_34_1M) x cTKO (141_98_6) F3 #1.06
mTKO (F3_34_1M) x cTKO (141_98_6) F3 #1.07
mTKO (F3_34_1M) x cTKO (141_98_6) F3 #1.08
mTKO (F3_34_1M) x cTKO (141_98_6) F3 #1.09
mTKO (F3_34_1M) x cTKO (141_98_6) F3 #1.10
mTKO (F3_34_1M) x cTKO (141_98_6) F3 #1.11

hsp23.5
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom

hsp23.6
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom

hsp25.3p
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom

hsp26.5m
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
hom
het (?)
het (?)
het (?)
hom
het (?)
het (?)
het (?)
het (?)
het (?)
het (?)
het (?)

Supplemental Table 2. Summary of genotyping results of F3 plants from
ctko(141_98_6)xmtko(F3_34_1M)F2#19 and
ctko(F3_34_1M)xctko(141_98_6)F2#1.
The rationale behind genotyping with PCR is essentially the same as described in Fig.
10. “?” indicate that there was an unexpected observable band for the wild-type gene
in the PCR results that might have been due to contamination. It is very unlikely that
all the progeny of the mTKO(F3_34_1M)xcTKO (141_98_6)F2#1 plant line were all
heterozygous for hsp26.5m (since mTKO(F3_34_1M)xcTKO (141_98_6)F2#1 was
observed to be homozygous for hsp26.5m as observed in Supplemental Table 1).
Seedlings from the cTKO (141_98_6) x mTKO (F3_34_1M) F3 #19.01 were used as
the qko seedlings in this study.
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Supplemental Figure 1. Heat stress assay results of light grown seedlings after
acclimation.
sHSP mutant plants that were grown in the light showed some sensitivity to heat stress
in the dark after acclimation. (A) Schematic of the protocol used for heat stress. Plants
were grown in the light for 10 days, heat acclimated at 38 ºC for 1.5 h allowed to
recover in the light at room temperature for 2 h, and then heat stressed in the dark at
45 ºC for a variable X (red) h, and then photographed after 7 days recovery at room
temperature in the light. The light schedule is also displayed underneath the
schematic, where white represents placement in the light and black represents
placement in the dark. (B) Results of 3 h of heat stress. (C) Results of 4 h of heat
stress. The heat stress yielded highly variable results between plates (other plates not
shown).
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50 μM Na2HAsO4

150 μM Na2HAsO4

250 μM Na2HAsO4
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Supplemental Figure 2. Pictures of seedlings grown on plates with media
supplemented with arsenic.
Plates were grown at room temperature in the light for 21 days and then photographed.
Arsenic was in the form of disodium hydrogen arsenate Na2HAsO4 and at the
concentrations indicated. Pictures taken of two replicates side-by-side that had an
arsenic concentration of (A) 50 μM Na2HAsO4 (B) 150 μM Na2HAsO4 and (C) 250 μM
Na2HAsO4.
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100 mM NaCl

250 mM NaCl

Supplemental Figure 3. Pictures of seedlings grown on plates with media
supplemented with salt.
Plates were grown at room temperature in the light for 21 days and then photographed.
Pictures taken of two replicate side-by-side that had a salt of (A) 100 mM NaCl and
(B) 250 mM NaCl.
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100 μM CdCl2

200 μM CdCl2

Supplemental Figure 4. Pictures of seedlings grown on plates with media
supplemented with cadmium.
Plates were grown at room temperature in the light for 21 days and then photographed.
Arsenic was in the form of cadmium chloride CdCl2 and at the concentrations
indicated. Pictures taken of two replicate side-by-side that had a cadmium
concentration of (A) 100 μM CdCl2 and (B) 200 μM CdCl2. qko mutant plants seemed
like the only genotype that was growing in 200 μM CdCl2 across the two plates.
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Supplemental Figure 5. Pictures of seedlings grown on plates with media
supplemented various heavy metals.
Plates were grown at room temperature in the light for 21 days and then photographed.
Pictures taken of two replicate side-by-side that had a heavy metal concentration of
(A) 50 μM CuSO4 and (B) 100 μM CoCl2 (C) 100 μM NiSO4 and (D) 47.7 μM ZnCl2.
Seedlings seemed to be growing as well as Col across the replicates.
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APPENDIX
HELPFUL RESOURCES FOR THOSE THAT WANT TO CONTINUE THIS
PROJECT

All of the resources I used to genotype, clone, and sequence samples are
available in this appendix. Additionally, I included information on the constructs that I
created, used, and planned on using in the future. The goal of this section is to provide
information that future researchers can use to continue this project on organellar
sHSPs.
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Appendix Table 1. List of primers used in this study. The name of the primer was
an arbitrary name given to identify that primer. “F” stands for the forward primer; “R”
stands for the reverse primer. The primer sequences are given from the 5’ to the 3’
direction for both the forward and reverse primers. The melting point, Tm, is given to
the nearest whole number °C. Accession number refers to the AGI number of the gene
that the primer corresponds to: AtHSP23.5-MTI/CP (AT5G51440); AtHSP23.6MTI/CP (AT4G25200); AtHSP25.3-CP (AT4G27670); AtHSP26.5-MTII (AT1G52560).
Notes on how to use the primers and which combinations were used are mentioned
under the Notes column. QCM stands for quick change mutagenesis, a method to
create complementation vectors for the sHSPs; the status of this task is that I designed
and ordered the primers, but have not completed the actual QCM reaction.
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Appendix Table 2. List of constructs that were created in this study. Top10 refers
to One Shot® TOP10 chemically competent E. coli cells. GV3101 refers to
Agrobacterium strain GV3101 competent cells (prepared by Dr. Minsoo Kim). BL21
pLys refers to BL21 pLysS chemically competent cells. Antibiotic abbreviations: spec
(spectinomycin), kan (kanamycin), gent (gentimicin), AMP (ampicillin), chlor
(chloramphenicol). “nostop” means that the stop codon was excluded from the
construct; “CDS” stands from coding sequence. “TS” stands for targeting sequence.
The vectors p1269, p1270, and p1299 were created by Dr. Patrick Treffon; I
transformed the vector into BL21 pLysS chemically competent cells for future protein
expression and purification.
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